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FIGURE  4-65.  TEM  OF  Al-Li-Cu  (#19— AR)  SHEET -  148 

FIGURE  4-66.  TEM  OF  Al-Li-Cu  (*19— AR)  SHEET -  149 

FIGURE  4-67.  TEM  OF  Al-Li-Cu  (#19  — AR)  SHEET -  150 
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ABSTRACT 

Aluminum-lithium  based  alloys  have  shown  promise  as  high 
strength,  high  modulus,  low  density  alloys,  but  suffer  from 
low  toughness  levels  currently  unacceptable  in  aerospace  design. 
The  present  study  was  directed  toward  increasing  the  fracture 
toughness  of  such  alloys  in  sheet  form,  primarily  through  alloy¬ 
ing.  Attempts  to  increase  fracture  toughness  were  made  through 
modification  of  the  fracture-controlling  Al3Li  precipitate, 
addition  of  dispersoid  forming  elements,  and  the  use  of  co¬ 
precipitation  of  other  phases.  Alloying  additions  investigated 
include  copper,  magnesium,  silicon,  manganese,  iron,  scandium, 
gallium,  and  silver.  Tensile  test  results  and  fracture  behavior 
of  these  alloys  as  a  function  of  temper  are  reported. 

The  copper-containing  alloy  showed  the  best  fracture 
behavior  with  moderate  strength.  Other  additions  generally 
resulted  in  increased  strength  but  no  improvement  in  ductility 
or  crack  propagation  energy  over  that  of  the  binary  alloys. 
Analysis  indicated  that  the  brittle  fracture  behavior  is  asso¬ 
ciated  with  grain  boundary  or  subgrain  boundary  failure.  High 
hydrogen  levels,  inherent  planar  slip,  and  (sub-) grain  boundary 
precipitate-f ree-zones  which  grow  with  aging  appear  to  be 
factors  in  the  grain  boundary  or  subgrain  boundary  weakness. 
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INTRODUCT I ON 

The  addition  of  2-3  wt.  %  lithium  to  aluminum  results  in 

lower  density,  increased  modulus  of  elasticity,  and  a  potential 

1 1-41 

for  high  strength  through  precipitation  hardening.  ‘  These 
properties  make  the  development  of  such  alloys  highly  de¬ 
sirable  for  airframe  and  other  uses  where  weight  is  a  critical 
factor.  However,  fracture  toughness  for  these  high  lithium 

alloys  is  low  compared  with  commercial  high  strength  aircraft 
[3-5] 

alloys.  The  present  work  is  directed  toward  investigation 

of  mechanisms  for  increasing  the  toughness  of  alloys  in  this 
system,  with  emphasis  on  ternary  or  higher-order  alloying 
additions . 

The  basic  strengthening  mechanism  of  aluminum-lithium 
binary  alloys  is  the  formation  of  the  metastable  precipitate 
6'  (Al3Li) .  This  precipitate  has  an  ordered,  face-centered 
cubic  crystal  structure  of  the  Cu3Au  type  (Ll2).^6'7^  6’ 

forms  spherical  precipitates,  which  are  fully  coherent  with 

r  o  1 

the  <*-Al  matrix  with  a  very  small  lattice  mismatch.  This 

particular  precipitation  mechanism  is  not  seen  in  other  / 
aluminum-based  systems,  but  is  analogous  to  the  equilibi/ium 
Y~ y 1  (Ni-Ni3Al)  system,  which  gives  nickel-based  superalloys 
high  temperature  strength  and  ductility. 

However,  the  aluminum- lithium  precipitate  system,  with 
its  small  lattice  mismatch  and  low  matrix-precipitate  inter¬ 
facial  energy,  is  responsible  for  the  low  ductility  and 
fracture  toughness  observed  in  these  alloys.  In  an  ordered 
structure  (superlattice)  such  as  6’,  the  passage  of  a  single 
dislocation  through  the  lattice  creates  a  disturbance  in  the 
order,  resulting  in  an  antiphase  boundary  (APB) .  The  extra 
energy  associated  with  the  APB  is  an  impediment  to  dislocation 
movement  and  is  increasingly  important  as  a  strengthening 

f  9  1 

mechanism  when  coherency  strains  are  small.  The  passage  of 

a  second  dislocation  recreates  the  order  disturbed  by  the 


first,  and,  thus,  dislocations  in  such  an  alloy  tend  to  move  in 
pairs  (or  superdislocations) . 

After  the  passage  of  a  superdislocation,  the  cross-section 
area  of  the  precipitate  on  the  slip  plane  is  reduced  by  an 
amount  proportional  to  the  Burgers  vector  and  the  precipitate 
radius.  The  precipitate  size  is  then  effectively  reduced  on 
that  slip  plane,  and  the  APB  required  for  subsequent  dislocation 
movement  is  smaller.  Thus  once  slip  occurs  on  a  particular 
plane,  further  slip  on  that  plane  is  encouraged.  Consequently, 
intense  planar  slip  occurs  during  deformation,  leading  to  dis¬ 
location  pileups  at  grain  boundaries  and  subsequent  grain 
boundary  failure.  Severe  planar  slip  and  intergranular  fracture, 
with  associated  low  ductility  and  toughness,  are  therefore  an 
inherent  characteristic  of  aluminum-lithium  binary  alloys. 

Lithium  has  seen  limited  use  in  commercial  alloys.  AA2020, 
developed  by  Alcoa,  contained  approximately  1%  lithium.  The 
alloy  is  no  longer  produced,  primarily  due  to  casting  diffi¬ 
culties  and  problems  with  toughness.  The  Soviets  have  developed 
VAD  23  and  alloy  01420.  VAD  23  is  an  Al-Li-Cu  alloy  with  1.2% 
lithium;  01420  is  an  Al-Li-Mg  alloy  with  nominally  2%  lithium. 
Both  alloys  have  fairly  low  ductility. 

The  current  program  has  investigated  alloys  of  higher 
lithium  content  in  order  to  take  full  advantage  of  the  bene¬ 
ficial  effects  of  lithium  on  density  and  elastic  modulus.  The 
initial  phase  of  this  program  involved  the  development  of 
methods  for  producing  sheet.  The  casting  and  rolling  of  highly 
alloyed  aluminum-lithium  ingots  present  some  dif ficulty .  ^ ^ 

The  casting  of  a  sound  ingot  is  a  problem  which  first  must  be 
solved.  Loss  of  lithium,  porosity,  and  high  hydrogen  content 
are  the  primary  problems.  This  is  due  to  the  high  reactivity 
of  lithium  with  oxygen  and  hydrogen.  Oxidation  of  the  melt 
results  in  a  loss  of  lithium  and  the  formation  of  a  surface 
oxide  layer  including  Li02.Al203,  which  does  not  inhibit  the 
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reaction  of  aluminum  with  water  vapor  in  the  furnace 
atmosphere. ^ ^  This  factor  and  the  affinity  of  lithium 
for  hydrogen  result  in  an  immediate  increase  of  hydrogen 
level  when  lithium  is  introduced  into  the  melt.  ' 1^-15 ] 

We  have  approached  this  problem  of  ingot  quality  by  casting 
under  vacuum  or  argon  atmosphere.  The  development  of  casting 
techniques  to  produce  a  sound  ingot  is  presented  as  Phase  I 
in  Section  2. 

Approaches  that  have  been  taken  for  improving  toughness 
involve  encouraging  dislocation  cross-slip  or  precipitate  by¬ 
passing  in  the  alloys.  This  includes  modification  of  the 
Al-Al3Li  system  lattice  parameters  to  increase  mismatch,  intro¬ 
duction  of  other  precipitation  systems,  and  use  of  a  dispersion 
hardening  system  in  addition  to  the  precipitation  hardening 
system. 

Phase  II  involved  a  preliminary  survey  of  several  Al-Li-X 
systems.  Several  small  extrusions  produced  at  the  Naval 
Surface  Weapons  Center  (Silver  Spring,  Maryland)  were  used  for 
this  investigation.  Systems  examined  included  the  aluminum- 
lithium  binary  system  and  aluminum-lithium  alloys  containing 
scandium,  gallium,  magnesium,  manganese,  or  silver.  Additions 
of  zirconium  and  bismuth  were  also  investigated. 

The  basic  systems  investigated  are  presented  in  Table  1-1, 
along  with  the  primary  strengthening  mechanisms  involved.  The 
various  mechanisms  are  described  in  more  detail  in  Section  3, 
along  with  the  complete  analyses  of  the  extrusions  produced  in 
Phase  II. 

Based  in  part  on  the  results  of  Phase  II,  we  selected  for 
Phase  III  compositions  to  be  cast  as  10-lb  bookmold  ingots  and 
rolled  to  sheet.  The  compositions  included  aluminum  and  lithium 
alloyed  with  magnesium  and  silicon,  copper,  and  manganese  with 
and  without  iron.  The  systems  investigated  and  corresponding 


strengthening  mechanism  are  listed  in  Table  1-2.  The  analysis 
of  sheet  produced  in  Phase  III  is  presented  in  Section  4. 

Aging  studies  at  various  temperatures  were  conducted  on 
both  extruded  and  sheet  material.  Mechanical  testing  included 
the  testing  of  tensile  and  yield  strength  and  percent  elongation. 
In  addition  Kahn  tear  tests  were  used  to  obtain  comparative 
toughness  levels  of  the  sheet  product. 

Section  5  includes  a  summary  of  conclusions  drawn  from 
this  work  and  recommendations  for  future  work. 
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TABLE  1-1 


ALLOY  SYSTEMS  INVESTIGATED  IN  PHASE  II  (EXTRUSIONS) 


A Hoy  No 


Aim  Compo-i  i-ticm  Pnimany  Mechanism*  Involved 


Al- 3. OLi 


Al-2.6Li-2.5Sc 
(2 . ILi- 2 . OSc) 


Al-3.0Li-5.0Ga 
( 2 . 5Ga) 


Al-2 . lLi-2 . OSc-2 . 5Ga 


Al-3. OLi-1. 5Mn 


Al-3.0Li-2.5Mg 
( 1 . 5Mg) 


Al-3. OLi-1. 5Mg-l. 5Mn 


Al-3.0Li-3.0Ag 


Base  properties  of  binary 
system. 


Substitution  of  scandium  for 
lithium  in  Al3Li  to  alter 
lattice  parameter. 


Substitution  of  gallium  for 
aluminum  in  Al3Li  to  alter 
lattice  parameter. 


As  above  for  scandium  and 
gallium. 


Dispersion  strengthening  by 
MnAl6  encouraging  cross-slip. 


Solid  solution  strengthening. 


Dispersion  (MnAl6)  and  solid 
solution  strengthening. 


Modification  of  Al^Li 


Cast  and  extruded  by  Naval  Surface  Weapons  Center  (NSWC) . 


TABLE  1-2 


ALLOY  SYSTEMS  INVESTIGATED  IN  PHASE  III  (SHEET) 


A tloy  No, 


Mm  Composition 


PMmafiy  Mechanisms  Involved 


22 

Al-3. OLi-O . iZr 

Base  properties  of  binary 
system. 

26 

Al- 3. OLi-O . IZr-O . 005Bi 

Tie  up  sodium  with  bismuth 

10 

Al- 3 . OLi 

Binary  system  (HIP) . 

19 

Al-2.2Li-2.0Cu 

0"  +  6'  precipitation. 

20 

6063  type  +  3.0%  Li 

MggSi  +  6'  precipitation. 

21 

6061  type  +  3.0%  Li 

MggSi  +  6'  precipitation. 

23,  24 

Al- 3. OLi-1 . 5Mn-l . 5Fe 

Dispersion  [(Mn,Fe)Al6) 
strengthening  to  encourage 
cross-slip. 

25 

Al-3. OLi- 1. 5Mn 

Dispersion  (MnAl6) 
strengthening  to  encourage 
cross-slip. 

h 
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PHASE  I:  DEVELOPMENT  OF  CASTING  PROCEDURES 

The  casting  of  a  sound  ingot  is  the  first  requirement  for 
production  of  aluminum-lithium  wrought  products.  As  discussed 
earlier,  the  high  reactivity  of  lithium  with  oxygen  and  hydro¬ 
gen  leads  to  poor  lithium  recovery,  porosity,  and  high  hydrogen 
content.  Our  approach  to  this  problem  was  to  melt  and  cast 
under  argon  atmosphere  or  vacuum. 

Experimental  Procedure  and  Results 

A  summary  of  the  various  casting  conditions  that  were 
tried  during  this  period  and  the  resultant  ingot  chemical 
analyses  are  presented  in  Table  2-1. 

The  first  four  trials  involved  solidification  within  the 
crucible  used  for  melting.  A  trial  melt  of  7050  in  vacuum 
(melted  and  solidified  three  times)  resulted  in  almost  total  loss 
of  magnesium  and  zinc.  The  three  subsequent  trials  involved 
the  addition  of  elemental  lithium  sealed  in  AA3003  alloy  tubes 
to  99.99%  (superpurity)  aluminum.  Very  high  hydrogen  levels 
were  recorded,  and  lithium  recovery  was  low.  Much  porosity 
was  evident.  There  was  a  reaction  of  the  melt  with  the  cruci¬ 
ble  walls,  using  both  clay-graphite  crucibles  and  clay-graphite 
crucibles  with  a  refractory  "terra  paint"  coating.  The  cru¬ 
cibles  had  to  be  destroyed  to  remove  the  ingots.  The  high 
hydrogen  levels  were  most  likely  due  to  the  use  of  elemental 
lithium  and  the  lack  of  fluxing. 

Subsequent  trials  were  conducted  by  melting  under  vacuum, 
fluxing  with  argon,  and  casting  as  bookmold  ingots  under  an 
argon  atmosphere.  The  use  of  an  18.5%  lithium  hardener  (Foote 
Mineral  Company)  resulted  in  fairly  hiqh  hydroqen  levels.  Use 
of  a  9.5%  lithium  hardener  (KBI*)  resulted  in  lower  hydroqen 
readings  and  significantly  better  lithium  recovery. 


*Kawecki  Berylco  Inc. 
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Lithium  recovery  in  the  later  castings  was  typically 
0.5  wt.  %  less  than  the  level  in  the  charge.  To  obtain  a 
3.0%  lithium  recovery,  it  was  necessary  to  add  3.5%  lithium 
to  the  charge.  A  remelt  casting  (#9)  showed  a  better  lithium 
recovery  but  higher  hydrogen  content. 

A  beryllium  addition  (0.005%),  #12  and  #14,  failed  to 

significantly  enhance  the  lithium  recovery.  Beryllium  was 

added  in  an  attempt  to  produce  an  oxide,  layer  on  the  melt  to 

inhibit  the  oxidation  of  lithium.  Though  beryllium  improves 

oxidation  resistance  of  some  alloy  melts,  these  results  are 

supported  by  Soviet  research,  which  indicates  that  lithium 

f  1 2 1 

negates  the  effect  of  beryllium.  1  J 

In  general  our  hydrogen  values  have  improved  with 
refinement  of  casting  procedure.  The  later  castings  show 
typically  0.11  to  0.86  ml/100  g  hydrogen,  with  the  lowest 
readings  near  the  bottom  of  the  ingot.  This  compares  favorably 
with  other  studies  of  casting  of  aluminum-lithium  alloys. 

Values  obtained  by  British  Aluminium  are  given  for  reference 
in  the  table  below.  Note  that  British  Aluminium  obtained 
lower  hydrogen  readings  in  castings  containing  beryllium. 


Produce*. 

Lithium 

m 

Beryllium 

IS) 

Hydrogen 
(ml/100  g) 

2.  33 

0 

2.43 

British  Aluminium^0^ 

2.63 

1.95 

0 

0 

1.97 

1.63 

2.50 

0.005 

1.26 

1.64 

0.01 

0.86 

Some  hydrogen  porosity  is  expected,  however,  since  porosity 
generally  is  associated  with  hydrogen  levels  above 
approximately  0.12  ml/100  g. 

Sodium  levels  have  been  excellent  ( <0.0004%)  for  all 
castings,  and  the  potassium  level  in  the  one  ingot  analyzed 
appeared  to  be  good  ( <0 .0005%) .  In  contrast  calcium  levels 


-11- 


were  100  times  greater.  It  is  expected  that  any  effect  of  high 
calcium  would  be  negative  due  to  possible  segregation  to  grain 
boundaries.  The  use  of  a  new  lithium  hardener  in  Phase  III 
reduced  the  calcium  level  to  0.001%. 

Radiographs  of  the  ingots  showed  gross  porosity  in  the 
early  ingots.  The  later  ingots  showed  much  less  porosity, 
though  generally  the  top  20%-50%  of  each  ingot  had  to  be 
scrapped  to  avoid  porosity. 

Discussion  and  Conclusion 

The  final  casting  procedure  developed  for  casting  10-lb 
bookmold  ingots  is  as  follows.  The  charge  is  made  up  from 
alloy  hardeners  and  99.99%  aluminum  (superpurity)  ingot.  The 
charge  is  melted  under  vacuum  in  an  induction-heated,  machined 
graphite  crucible.  Thermocouples  in  the  crucible  and  flux  wand, 
and  attached  to  the  load,  are  used  to  prevent  overheating.  No 
cover  flux  is  used. 

A  45-minute  argon  flux  is  used  to  remove  hydrogen  and 
promote  thorough  mixing  of  the  melt.  The  furnace  is  backfilled 
with  argon  to  atmospheric  pressure,  and  the  melt  is  poured  at 
approximately  1280°-1290°F  (693°-698°C)  into  a  steel  bookmold. 
The  resulting  ingots  are  approximately  2  5/8"  x  7"  x  6". 

Chemistry  and  hydrogen  levels  of  the  ingots  have  been 
shown  to  be  controllable,  though  hydrogen  levels  are  above 
the  limits  for  commercial  aircraft  alloys.  Porosity  remains 
a  problem  and  was  handled  in  this  work  only  by  removing  that 
part  of  the  ingot  which  shows  significant  porosity. 


INGOTS  PRODUCED  IN  PHASE 


Filter  test  only 
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PHASE  II:  PRELIMINARY  SURVEY  OF  ALLOY  SYSTEMS 
Introduction 

A  preliminary  survey  of  several  alloy  systems  was 
conducted  using  a  series  of  small  extrusions  produced  at  the 
Naval  Surface  Weapons  Center,  Silver  Spring,  Maryland. 

Methods  of  encouraging  cross-slip  included  alloying  with 
manganese,  magnesium,  gallium,  scandium,  or  silver.  The 
aim  compositions  and  corresponding  hardening  mechanisms  are 
listed  in  Table  1-1  and  are  discussed  further  below. 

The  Al-3.0Li  binary  system  was  included  to  obtain  base 
properties  of  the  alloy  system.  Zirconium  was  used  to  in¬ 
hibit  recrystallization.  (All  manganese-free  castings  con¬ 
tained  a  0.12%  zirconium  addition.)  Zirconium  in  the  amount 
of  0.1%-0.2%  has  been  shown  to  effectively  inhibit  recrystal¬ 
lization  in  the  Al-Mg-Li  system  and  Soviet  alloy  0142o/^'^ 

Two  castings  also  contained  bismuth  in  an  attempt  to  tie  up 
sodium,  which  is  reported  to  cause  grain  boundary 
embrittlement. 

The  Al-Li-Sc  system  involves  an  attempt  to  modify  the  6’ 
(Al3Li)  precipitate.  Scandium  forms  an  equilibrium  preci¬ 
pitate,  A13Sc,  of  the  same  crystal  structure  (LI2)  as  6' .  A 
substitution  of  scandium  for  lithium  in  6'  may  significantly 
change  the  lattice  parameter  and  the  Al-6'  inter facial  energy. 
This,  in  turn,  could  encourage  dislocation  cross-slip  or  pre¬ 
cipitate  bypassing  rather  than  precipitate  cutting,  and  possibly 
decrease  the  planar  slip  responsible  for  the  low  ductility  of 
aluminum- lithium  systems.  However,  it  is  possible  that  the 
very  low  solubility  of  scandium  in  aluminum  may  preclude 
obtaining  the  desired  fine  precipitation  of  Al3(Sc,Li). 

In  a  similar  manner  the  substitution  of  gallium  for 
aluminum  in  Al3Li  may  result  in  a  beneficial  lattice  parameter 
change.  Both  ternary  Al-Li-Ga  and  quaternary  Al-Li-Ga-Sc 
castings  were  included  in  this  survey. 
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Manganese  has  been  added  to  the  binary  aluminum-lithium 

system  and  in  combination  with  magnesium.  These  alloys  should 

exhibit  dispersion  strengthening  as  well  as  precipitation 

hardening.  A  fine  dispersion  should  encourage  cross-slip, 

thereby  increasing  ductility.  In  addition  manganese  de- 

r i g  on! 

creases  the  solubility  of  lithium  in  aluminum  '  ,  thereby 

encouraging  more  complete  precipitation  of  Al3Li. 

Alloys  incorporating  magnesium,  both  with  and  without 

manganese,  are  included.  Under  equilibrium  conditions, 

Al-Mg-Li  alloys  with  a  Mg/Li  ratio  of  2.5  to  1.5  form  the 

[211 

S  phase  (Al2MgLi)  ,  which  is  isomorphous  with  the  S  phase 
(Al2MgCu)  found  in  high  strength  copper-bearing  7XXX  alloys. 
Soviet  researchers  report  that  alloy  01420  is  based  on  pre¬ 
cipitation  hardening  by  Al2MgLi  .  ^  ^  Other  work^'2^ 

reports,  however,  that  strengthening  in  this  system  is  due  to 
the  intermediate  precipitate  6'  and  that  magnesium  contributes 
solid  solution  strengthening.  However,  it  appears  that  mag¬ 
nesium  also  contributes  to  detrimental  grain  boundary 

.  .  r  4  l 

precipitation  of  Al2MgLi. 1  J 

,  .  .  [241 

A  limited  investigation  by  Hardy  of  the  Al-Li-Ag 

system  has  shown  significant  age  hardening  in  an  Al-l.0Li-2.0Ag 

alloy.  The  composition  presently  under  study  is  Al-3.0Li-3.0Ag. 

Experimental  Procedure 

Production  of  Extrusions 

Casting  and  extrusion  for  this  phase  of  the  work  were 
carried  out  at  the  Naval  Surface  Weapons  Center  (NSWC)  in  Silver 
Spring,  Maryland.  All  melting,  casting,  and  homogenization  were 
done  in  an  argon  atmosphere  dry-box.  The  lithium  was  melted  and 
held  at  1112°F  (600°C)  in  an  iron  crucible.  In  some  cases  the 
lithium  was  fluxed  by  bubbling  argon  to  remove  sodium.  The 
aluminum  and  other  alloying  elements  were  melted  and  held  at 
1742°F  (950°C)  in  an  alumina  crucible.  The  molten  aluminum  was 
then  added  to  the  iron  crucible,  stirred  with  a  stainless  steel 
rod,  and  poured  into  a  tapered  1.5"-1.75"  dia.  x  3"  deep  brass  mold. 
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The  ingots  produced  were  homogenized  at  850°F  (455°C)/ 

8  hours  +  960°F  (515°C)/16  hours  in  an  argon  atmosphere.  The 
homogenized  ingots  were  then  scalped  to  1.25"  diameter. 

Billets  were  heated  to  752±18°F  (400±10°C)  and  extruded 
to  a  0.5"  x  0.25"  bar.  This  represents  a  10:1  extrusion  ratio. 
Breakthrough  pressure  was  on  the  order  of  50  tons. 

Chemical  Analysis 

Chemical  composition  of  the  homogenized  billets  was 
determined  by  atomic  emission  spectroscopy. 

Aging  Curves 

Hardness  specimens  were  solution  heat  treated  at  975°F 
(524°C)  for  30  minutes  in  argon  and  water  quenched.  Hardness 
aging  curves  were  established  for  samples  aged  at  375°F 
(191°C)  in  air. 

In  addition  hardness  aging  curves  for  some  alloys  solution 
heat  treated  at  9  32°F  (500°C)  for  30  minutes,  water  quenched, 
and  aged  at  300°  and  350°F  (149°  and  177°C)  were  established. 

Mechanical  Tests 

Due  to  the  small  cross-sections  (approximately  0.5"  x 
0.25"),  longitudinal  tension  tests  only  were  conducted.  Ten¬ 
sile  sample  gauge  sections  were  machined  to  a  0.25"  width, 
full  thickness  (approximately  0.25"),  with  a  1"  gauge  length. 
Lack  of  material  necessitated  using  subsize  tension  test 
samples  (0.160"  rounds)  for  sample  #10-2A  and  #3-0  aged  at 
375°F  (191°C) . 

Metallography 

Samples  of  the  solution  heat  treated  extrusions  were 
examined  optically  and  by  scanning  electron  microscopy 
(SEM) .  In  some  cases  qualitative  chemical  identification  of 
insolubles  and  inclusions  could  be  made  by  electron  microprobe. 

Low  power  binocular  and  SEM  examination  of  fracture 
surfaces  was  conducted. 
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Results  and  Discussion 

Fabrication 

The  extruded  rods  produced  by  NSWC  exhibited  some  tearing 
and  bending.  Those  alloys  containing  gallium  showed  a  white 
powder  on  the  surface  as-homogenized,  as-scalped,  and 
as-extruded . 

Chemical  Analysis 

The  chemical  analyses  of  the  homogenized  billets  are  given 
in  Table  3-1.  There  was  some  variation  in  elemental  levels 
from  the  aimed  for  compositions,  aside  from  the  expected  diff- 
culty  in  controlling  the  lithium  level.  There  was  apparent 
difficulty  in  getting  bismuth  in  solution.  More  surprising 
was  the  high  iron  level,  which  ranged  from  0.59%  to  2.37%. 

Some  of  the  iron  could  have  been  due  to  the  1100  alloy  used  as 
aluminum  stock.  (The  Aluminum  Association  limit  for  [Fe+Si]  in 
1100  is  1.0%. )  A  large  part  of  the  iron,  however,  apparently 
was  introduced  from  the  iron  crucible  used  for  melting  the 
lithium  and  mixing  the  alloy  prior  to  casting.  Previous 
studies  of  the  Al-Li-Mg  system  melted  in  iron  or  stainless 

(251 

steel  crucibles  have  shown  considerable  iron  contamination. 

Sodium  levels  were  fairly  low  for  the  two  billets  analyzed. 
Alloy  #11-1,  made  with  lithium  fluxed  with  bubbling  argon,  had 
no  lower  sodium  than  #3-1,  made  with  unfluxed  lithium. 

Aging  Curves 

Hardness  aging  curves  for  extrusions  solution  heat  treated 
at  975°F  (524°C)  for  30  minutes  in  argon,  water  quenched,  and 
aged  at  375°F  (191°C)  are  presented  in  Figures  3-1  through  3-4. 
In  addition  aging  curves  for  some  alloys  solution  heat  treated 
at  932°F  (500°C)  for  30  minutes  in  argon,  water  quenched,  and 
aqed  at  300°F  (149°C)  or  two-step  aged  at  300°  and  350°F  (149° 
and  1 7 7 °C )  are  presented  in  Figures  3-5  and  3-6  respectively. 
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Those  samples  aged  at  300°  and  350°F  (149°  and  177°C)  did 
not  reach  peak  hardness  for  the  aging  times  studied  (up  to  142 
hours) .  Aging  at  375°F  (191°C)  enabled  peak  hardness  to  be 
reached  within  100  hours  for  all  compositions. 

The  aluminum-lithium  binary  (some  with  high  iron) 

compositions  (Figure  3-1)  showed  an  aging  response  similar  to 

(231 

that  reported  for  Al-2.8Li-0.12Zr  ,  reaching  peak  hardness 

at  approximately  10  hours  at  375°F  (191°C). 

Compositions  containing  gallium  and  scandium  reached  peak 
hardness  with  the  least  aging  at  375°F  (191°C) — 4-8  hours 
(Figure  3-2) .  The  peak  hardness  reached  for  the  gallium- 
containing  extrusions  was  lower  than  that  reached  by  aluminum- 
lithium  binary  alloys  of  similar  lithium  content. 

The  magnesium-containing  extrusions  (Figure  3-3)  exhibited 
a  higher  hardness  value  than  the  binary  alloys  at  slightly 
longer  aging  times  (16-32  hours) .  The  Al-Li-Mn  alloy  #10-2A 
(Figure  3-3)  showed  the  slowest  aging  response,  reaching  peak 
hardness  after  64  hours  at  375°F  (191°C) .  Hardness  readings 
on  extrusion  #10-1  showed  large  variations  in  different  loca¬ 
tions,  presumably  due  to  chemical  inhomogeneity.  An  aging 
curve  could  not  be  determined  for  this  extrusion. 

Mechanical  Test  Results 

Tables  3-2  and  3-3  present  longitudinal  tensile  strength, 
yield  strength,  and  elongation  data  for  the  extrusions  aged  to 
peak  hardness  at  375°F  (191°C)  and  those  aged  at  300°F  (149°C) 
or  350 °F  (177°C) . 

In  general  the  percent  elongation  was  very  low  for  all 
aging  practices.  This  low  ductility  was  very  likely  en¬ 
couraged  by  the  high  lithium  and  high  iron  content.  In 
addition  several  of  the  fracture  surfaces  showed  large  inclu¬ 
sions  of  metallic  zirconium,  iron,  or  scandium.  (This  is 
discussed  further  under  Metallography.)  Such  inclusions  and 
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associated  stress  concentrations  normally  contribute  to  early 
failure  and  low  ductility. 

At  peak  hardness  the  Al-Li-Mg-Mn  alloy  (#15-1)  showed  the 
greatest  tensile  strength  (70.1  ksi) ,  and  the  Al-Li-(Fe)  alloy 
(#3-1)  showed  the  greatest  yield  strength  (62.0  ksi).  Each 
exhibited  very  low  elongation  (2%).  Extrusions  #8-1,  Al-Li-(Fe), 
and  #10-2A,  Al-Li-Mn- (Fe)  showed  the  greatest  elongation-- 8% 
and  14.8%  respectively. 

At  peak  hardness  the  tensile  strengths  ranged  from  53.6  to 
70.1  ksi,  and  yield  strengths  ranged  from  37.6  to  62.0  ksi. 

For  comparison,  Soviet  alloy  01420  ( Al-2 . OLi-6 . OMg-O . 2 5Mn)  has 
the  following  properties: 

65.2-71.0  ksi  tensile  strength 
43.5-52.2  ksi  yield  strength 
8%-10%  elongation 

f  3 1 

The  Fulmer  Research  Institute  1  reports  the  following 
properties  on  a  high  lithium  alloy  (Al-2 . 7Li-5 . 2Mg-0 . 2Zr  )  : 

79.5  ksi  tensile  strength 
61.4  ksi  yield  strength 
5.5%  elongation 
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Alcoa  1  reports  the  following  properties  for  a  high  lithium 
(Al-3.lLi-l.9Mg)  extrusion  at  peak  hardness: 

_ Longitudinal _  _ Transverse _ 

70.0  ksi  tensile  strength  59.4  ksi  tensile  strenqth 

61.4  ksi  yield  strength  48.0  ksi  yield  strength 

1.4%  elongation  4.0%  elongation 

For  extrusion  #10-2A  the  combination  of  tensile  properties 

(57.1  ksi  tensile  strength,  41.5  ksi  yield  strength)  and  elonqa- 

tion  (14.8%)  is  encouraging.  For  comparison,  a  Soviet  alloy 

of  similar  composition  (2.7-3.0Li,  1.25-5.0Mn)  had  the 

[271 

following  reported  properties  : 


64-71  ksi  tensile  strength 
42.5-57.0  ksi  yield  strength 
4-8%  elongation 
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However,  the  ductility  seen  in  the  test  of  #10-2A  is  in 
contrast  to  the  5.0%  elongation  seen  in  the  underaged  samples 
in  Table  3-3.  Due  to  lack  of  material,  #10-2A  could  not  be 
retested  at  peak  hardness. 

The  peak  hardness  #10-2A  tensile  specimen  was  a  subsize 
round  sample,  0.1599"  dia.  x  0.640"  gauge  length.  The  elonga¬ 
tion  seen  in  this  test  includes  significant  uniform  elongation. 
A  reduction  in  area  was  seen  along  the  gauge  length,  with 
little  necking  at  the  fracture.  The  gauge  section  after  test 
had  an  elliptical  cross-section  (presumably  due  to  texturing 
caused  by  extrusion  of  a  rectangular  section)  with  axes 
measuring  0.1565"  and  0.1585",  compared  to  the  circular  pre¬ 
test  cross-section  with  a  diameter  of  0.1599".  This  is  similar 
to  Soviet  alloy  01420,  where  elongation  is  primarily  uniform 
with  little  contribution  by  necking. 

The  very  high  level  of  dispersoid- forming  elements  of 

#10-2a  (2.9%  Mn+Fe)  may  be  enough  to  require  cross-slip  for 

significant  dislocation  movement.  This  could  prevent  the 

planar  slip  encouraged  by  the  coherent  Al3Li  precipitate, 

which  leads  to  low  ductility.  The  addition  of  iron  also  in- 
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creases  the  amount  of  MnAl6  or  (Mn,Fe)Al6  phase  present.  1 

Also  of  possible  significance  is  that  the  #10-2A  composition 

is  probably  in  the  primary  FeAl3  phase  field  for  equilibrium 

r  o  Q  ] 

cooling  based  on  the  Al-Mn-Fe  ternary  phase  diagram.  1 
This  can  be  detrimental  due  to  the  precipitation  of  large 
crystals  of  FeAla  during  solidification. 

Metallography 

Microstructure .  Figures  3-7  through  3-16  show  optical 
micrographs  of  extrusions  solution  heat  treated  at  932°F 
(500°C)  for  30  minutes  and  water  quenched.  These  sections 
indicate  a  large  amount  of  inhomogeneity.  Large  FeAl a  or 
(Mn , Fe ) Ala  particles  (as  determined  by  morphology  and 
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qualitative  probe  analysis)  are  apparent  in  each  of  the  alloys. 

As  discussed  under  Chemical  Analysis  in  this  section,  the  sig¬ 
nificant  iron  contamination  occurred  during  the  casting  pro¬ 
cedure.  Similar  primary  segregation  of  scandium-rich  insolubles 
(by  qualitative  electron  microprobe  analysis)  is  apparent  in 
the  scandium-containing  alloys. 

Figures  3-7  through  3-10,  3-13,  3-14,  and  3-16  show  what 
appear  to  be  remnants  of  a  dendritic  structure.  This  indicates 
the  extrusion  ratio,  10:1,  was  too  low  to  break  up  the  cast 
structure  completely. 

Figure  3-17  is  a  scanning  electron  micrograph  (SEM)  of  a 
cross-section  from  extrusion  #4-1,  as-solution  heat  treated, 
showing  the  residual  dendritic  structure.  The  large  insolubles 
have  been  identified  as  scandium-rich  compounds  by  qualitative 
microprobe  analysis.  The  interdendritic  particles  are  iron-rich. 

Fractography .  Figures  3-18  and  3-19  give  optical  views  of 
fracture  surfaces  with  examples  of  intergranular  cracking  and 
transgranular  failure.  Figure  3-20  gives  a  longitudinal  view 
of  the  fracture  of  extrusion  #1-3,  showing  more  clearly  the 
transgranular  nature  of  the  fracture  (45°  shear) . 

SEMs  of  fracture  surfaces  are  presented  in  Figures  3-21 
through  3-26.  Extrusion  #3-1  (Figure  3-21)  failed  predominantly 
by  45°  shear.  Seen  at  the  beginning  of  the  shear  face  (in  50X 
photo)  is  a  large  metallic  iron  inclusion  that  possibly 
initiated  the  fracture.  Inclusions  found  in  other  fracture 
surfaces  were  identified  as  elemental  scandium  and  elemental 
zirconium.  The  iron,  scandium,  and  zirconium  particles  are 
each  located  near  a  surface  where  the  failure  is  likely  to 
initiate . 

Dimpling  of  the  fracture  surface  is  apparent  in  each  of 
the  ternary  or  high-order  alloys  in  Figures  3-21  through  3-26. 


Samples  of  #10-2A  (Figure  3-22)  and  #15-1  (Figure  3-26)  also 
exhibited  intergranular  cracking. 


While  showing  a  dimpled  "matrix,"  some  of  the  samples 
exhibit  brittle  fracture  of  intermetallic  phases.  Brittle 
fracture  of  (Fe ,Mn) Al6  insolubles  is  apparent  in  I10-2A 
(Figure  3-22).  Microprobe  analysis  determined  approximately 
equal  amounts  of  iron  and  manganese  in  these  particles. 
Scandium-rich  insolubles  in  #8-1  (Figure  3-24)  and  silver- 
rich  particles  in  #14-1  (Figure  3-25)  also  exhibited  brittle 
fracture. 

Despite  the  dimpled  appearance  of  the  fracture  surfaces, 
the  samples  in  general  showed  little  elongation  and  very 
little  necking.  Phase  III  includes  a  further  investigation 
which  associates  the  micro-dimples  with  possible  subgrain 
boundary  failure. 

Conclusions  of  Phase  II 

The  extrusions  produced  in  this  phase  generally  showed 
very  low  ductility.  This  was  due,  at  least  in  part,  to  the 
severe  iron  contamination  which  occurred  during  casting.  The 
iron  contamination  causes  any  conclusions  from  this  study  to 
be  limited . 

The  addition  of  5.0%  gallium  produced  corrosion  under 
ambient  conditions,  resulting  in  a  white,  powdery  oxide  on  all 
surfaces.  At  this  level  gallium  is  likely  to  be  impractical 
from  this  standpoint.  Scandium  and  manganese,  at  least  when 
in  combination  with  1.0%-1.5%  iron,  appear  to  be  at  levels  too 
high  to  achieve  a  homogeneous  structure  using  conventional 
casting  methods.  Application  of  rapid  solidification  techno¬ 
logy  may  be  beneficial.  The  other  alloying  elements, 
silver  (which  formed  coarse  particles)  and  magnesium,  did 
not  show  any  benefit,  but  again  the  detrimental  effects  of 
excessive  iron  must  be  considered. 


I.i 


CHEMICAL  ANALYSIS  OF  PHASE  II  EXTRUSIONS 
NSWC  *  Produced  Material 


10-2A,  and  15- 
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TABLE  3-2 

MECHANICAL  PROPERTIES  OF  PHASE  II  EXTRUSIONS 
AGED  AT  375°F  (191 °C)  TO  PEAK  HARDNESS* 


I  dent. 

Composition 

HoulHS  @ 
375  °F 
(191 °C) 

Lo  ngitudinal 

UTS 

Iksi) 

UBi 

KjfiTTI 

!Mum 

1-1 

3.0  Li  (Nominal) 

8 

66.8 

57.6 

4.0 

1-3 

3. 2Li-. 9Fe 

8 

67.5 

56.6 

4.0 

3-0 

3. 3Li-2. IFe 

8 

53 . 7 

— 

~1.0 

3-1 

3. 5Li-2. 4Fe 

8 

69.3 

62.0 

2.0 

4-1 

2.8Li-2.0Sc-l.lFe 

4 

61.3 

58.2 

2.0 

8-1 

3 . ILi- . 9Fe 

8 

58.9 

46.9 

8.0 

10-2A 

3. OLi-1 . 6Mn-l . 3Fe 

64 

57.1 

41.5 

14.8 

13-1 

3.1Li-1.4Mg-1.7Fe 

4 

66.2 

60.8 

2.0 

14-1 

3 . 2Li-2 . 9Ag- . 8Fe 

32 

53.6 

37.6 

5.0 

15-1 

3 . ILi-l . 7Mg-l . 2Mn- . 6Fe 

16 

70.1 

59.6 

2.0 

*SHT  975°F  (524°C)/30  minutes  +  age  375°F  (191°C)/peak 
hardness . 
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TABLE  3-3 

MECHANICAL  PROPERTIES  OF  PHASE  II  EXTRUSIONS 
AGED  @  300°F  (149°C)  FOR  24  HOURS  OR 
300 °F  (149°C)  FOR  24  HOURS  +  350°F  (177°C)  FOR  4  HOURS 


Idcnt . 

Compoi,  i  tion 

300°F 

24 

(  149°C) / 

Hou'i  i* 

liffi  f.  3 1 

■Hr-'fr 

mmm 

■nn ' 

maamm. 

mmm 

mi 

1-3 

3 . 2Li- . 9Fe 

66 . 7 

50.9 

4.0 

67.0 

58.3 

4.0 

9-0 

2.9Li-5.0Ga-.85Fe 

61.6 

51.5 

5.0 

59 . 7 

51.7 

5.0 

10-1 

2 . 2Li- . 7Fe 

39.3 

32 . 1 

4.0 

49.1 

34.5 

5.0 

10-2A 

3. OLi-1 . 6Mn-l . 3Fe 

51.1 

34.2 

5.0 

51 . 7 

36.5 

5.0 

11-1 

. 

3 . 54Li- 1 . 5Fe 

61.6 

30.5 

4.0 

59.8 

51.7 

3.0 

*SHT  932°F  (500°C)/30  minutes  in  argon,  water  quench. 
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C.  Barkers  etch,  100X 
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FIGURE  3-7 

OPTICAL  MICROGRAPHS  OF  EXTRUSION 
#1-1,  SHT  932°F  (  5  0  0  °  C )  /  2  0  MIN., 
WATER  QUENCHED 


Al-3.19Li-0.93Fe 


34 


B.  As-polished,  500X  _ 
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FIGURE  3-9 

OPTICAL  MICROGRAPHS  OF  EXTRUSION 
#4-1,  SHT  9  32  °  F  (500°C)/20  MIN., 
WATER  QUENCHED 

Al-2. 8Li -  2 . 02Rc- 1  . 07Fe 


Intcrdendr  i  t  i  c  i  nsol  ub  1  os 
i nr  1 udo  Fo-ront n  i  n i n<t 

Lnr<ie  insolubles  nre 
Sc-cont  a  i  n  i  n<i . 
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B.  As-polished,  500X 
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FIGURE  3-11 

OPTICAL  MICROGRAPHS  OF  EXTRUSIO 
#  1  0-2A ,  S1IT  9  3  2  °  F  (500°C)/20  MI 
WATER  QUENCHED,  showinq 
(Mn,Fc)Alc  insolubles. 

A 1-2 . 98  Li  - 1 . 5 SMn- 1 . 3  3Fe-0.  1  ICu- 
0. 0  5  S  i  -  0 . 0  0  9  B  i 
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As-polished,  100X 


C.  Barkers  etch,  100X 


FIGURE  3-12 

OPTICAL  MICROGRAPHS  OF  EXTRUSION 
iilO-1,  SHT  9  3  2  °  F  (500°C)/20  MIN., 
WATER  QUENCHED 

Al-2. 1 7Li-0.70Fe-0.22Ti 


e. 


As-polished,  500X 

showinq  (Mn  Fc)Alf  insolubles. 
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FIGURE  3-14.  OPTICAL  MICROGRAPHS  OF  EXTRUSION  #15-1, SHT  9  32°F 
( 5  00  °C ) /20  MIN.,  WATER  QUENCHED,  AS-POLISHED 

A 1  -  3  .  1  4  L  i  -  1  .67Mci-l.21Mn-0.59Fe 
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FIGURE  $-15.  OPTICAL  MICROGRAPHS  OF  EXTRUSION  #1  5-2  ,  SHT  932°F 
(500°C)/20  MIN.,  WATER  QUENCHED,  AS-POLISHFD 


As-polished,  100X 


C. 


Barkers  etch,  1 00X 


FIGURE  1-1  (> 


OPTICAL  MICROGRAPHS  OF  EXTRUSION 
*>14—1  ,  SIP!  9  32  °  F  (  5  00  PC  )  /2  0  MIN., 
WATER  QUENCHED 

A1  -  3. 24Ei-2 . 9  lAa-  0 . 7«Fo 


* 

As-polished,  500X 


FIG  UR  r  3-17.  SCANNING  ELECTRON  MICROGRAPH  OF  EXTRUSION  #4-1  , 

WITH  LARCH  INSOLUBLES  IDENTIFIED  AS  A] -Sc 
COMPOUND,  INTHRDF.MDRTTIC  PARTICLES  INCLUDE  TRON- 
RTC1I  PARTICLES 
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As-nol i shod . 
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FIGURE  3-18.  EXTRUSION  #I0-2A  PEAK  HARDNESS,  BROKEN  TENSILE 
FRACTURE  SURFACE 

30X.  Intergranular  cracking  in  long  transverse 
direction  is  visible. 


FRACTURE  SURFACE,  SHOWING  43°  SHEAR  FAILURE 
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FIGURE  3-20.  OPTICAL  MICROGRAPH  OF  F.XTRUS  TON  'i  1  -  3,  SHT  9  32°F 

( 5  0  0  °  C ) /I0  MIN.  AND  AGED  300°F  (149"C)/24  HOURS  + 
3 5 0 ° F  (  1  7  7  °  C )  / 4  HOURS,  SHOWING  TRANSGRANULAR  . 
FRACTURE  (43°  SHEAR) 

Barkers  etch,  2  00X. 
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Dimplcd  appearance  of  matrix.  Scnndi um- r ich 
insolubles  are  visible.  3000X. 


FIGURE  3-21. 


sem  of  extrusion  #4-1,  pi:ak 

HARDNESS,  FRACTURE  SURFACE 
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PHASE  III:  SHEET 

Introduction 

This  phase  of  the  development  program  involved  the  analysis 
of  fracture  behavior  of  various  aluminum-lithium  based  alloys 
in  sheet  form.  The  selection  of  particular  compos i t i ons wa s 
based  in  part  on  the  results  of  the  preliminary  study  in  Phase 
II.  The  systems  examined  include  Al-Li,  Al-Li-Cu,  Al-Li-Mg-Si, 
Al-Li-Mn,  and  Al-Li-Mn-Fe.  The  systems  and  strengthening 
mechanisms,  listed  in  Table  1-2,  are  discussed  in  detail  below. 

The  Al-Li  system  was  included  to  determine  properties 
of  the  binary  alloy  sheet.  Zirconium  was  used  to  inhibit  re¬ 
crystallization  in  all  the  manganese-free  alloys.  Ingots  23-26 
were  cast  with  bismuth  additions,  which  is  believed  to  help 
prevent  grain  boundary  embrittlement  by  sodium.  In  ad¬ 

dition  an  early  binary  alloy  casting  (#10)  was  included  to 
determine  if  HIPing  (hot  isostatic  pressing)  is  useful  in 
healing  porosity  created  during  casting. 

Cast  #19  was  an  Al-2.2Li-2.0Cu  alloy.  This  composition  was 
calculated  to  contain  approximately  the  maximum  level  of 

r  2  9 1 

lithium  soluble  in  Al-2.0Cu  at  932°F  (500°C) . 

Precipitation  in  the  Al-Li-Cu  system  has  been  studied  by 
several  investigators  and  has  been  shown  to  follow  the  Al-Cu 
and  Al-Li  system  precipitation  sequences  individual ly :  ^ ^ ^ ^ 

^  CrP  70nfiC»  “*♦  0 11  “ *  (•* 

Supersaturated  solid  solution 

With  extended  aging  there  is  significant  diffusion  of  lithium 
into  O',  which  can  lead  to  the  formation  of  an  equilibrium 
ternary  phase  Tq  (A1 j 5 CuaLig) . ^ ^  The  phase  T0  forms  from 
o'  and  retains  the  characteristic  o'  plate  morphology.  In 
addition,  with  greater  than  approximately  2?  lithium,  the 
ternary  equilibrium  phase  is  Tj  .  T^  has  a  hcxnqon.il 

structure  (a  =  4.97A,  c  =  9.34A),  and  its  basal  plane  (also 


the  habit  plane)  matches  very  closely  the  (111)  matrix  plane. 
(At  the  aqinq  temperatures  under  consideration,  forms 
platelets  similar  to  o'-) 


Peak  strength  in  a  commercial  Al-4.0Cu-l.0Li  alloy 

f  o  f.  1 

(2020)  has  been  attributed  to  the  formation  of  0"  and  6'. 

The  present  alloy  is  expected  to  show  significantly  greater 
precipitation  of  O'  than  2020  and  precipitation  of  Tg  and 
in  at  least  the  overaged  tempers. 

Two  ingots  of  Al-Li-Mg-Si  type  alloys  were  included. 

AA6063  and  6061-type  alloys  were  cast  with  3%  lithium 
(#20,  #21).  These  compositions  are  expected  to  show  co-pre¬ 
cipitation  of  Mg2Si  and  6'. 

Three  compositions  represent  an  attempt  at  dispersion 
hardening  in  conjunction  with  6*  precipitation  by  adding 
manganese  (#25)  or  maganese  with  iron  (#23,  #24)  to  an 
Al- 3 . OLi  alloy.  Dispersoids  may  have  the  effect  of  encouraging 
cross-slip,  thereby  decreasing  the  planar  slip  typical  of 
Al-Al3Li  systems.  A  15%  elongation  in  an  Al- 3 . OLi -1 . 5 5Mn~l . 3Fe 
extrusion  in  Phase  II  prompted  further  investigation  of  this 
system,  though  that  test  could  not  be  repeated  due  to  lack  of 
material . 

Experimental  Procedure 

Fabrication  of  Sheet 

The  various  alloys  were  cast  as  bookmold  ingots  by  the 
procedure  described  under  Phase  I  of  this  investigation. 

KBI  9.5%  lithium  hardener  was  used  for  casts  #19  — # 2 1 .  A  2 0  ■ 
lithium  hardener  (KRI)  was  used  for  casts  #22-^26.  Super- 
nurity  aluminum  (99.99%)  and  commercial  hardeners  for  the 
other  alloying  elements  were  used  in  all  casts. 

The  ingots  were  homogenized  for  8  hours  at  850°F  (454°C) 
plus  16  hours  at  960°F  (515°C)  in  a  nitrogen  atmosphere. 

Half  of  ingot  #26  (#26B)  received  850°F  (454°C)/8  hours  plus 
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900°F  (482°c)/16  hours  to  determine  if  zirconium  maintains  a 
better  dispersion  with  a  low  temperature  homogenization,  as  is 
the  case  with  7XXX  alloys. 

The  ingots  were  scalped  until  no  porosity  was  evident. 

The  material  was  then  hot  rolled  at  750°F  (400°C),  0.125” 
reduction/pass,  to  0.125"  sheet.  Some  of  #22  was  retained 
at  this  gauge,  while  the  remainder  of  the  material  was  cold 
rolled  to  0.063"  (1.60  mm).  Severe  edge  crac.v^r.g  occurred 
in  some  alloys.  These  required  an  intermediate  anneal  of 
932°F  (500°C)  for  1  hour  with  cold  water  quenching  before  cold 
rolling.  Those  alloys  directly  cold  rolled  are  designated 
"AR" ;  those  samples  with  no  subscript  received  an  intermediate 
anneal . 

[ 

Hot  Isostatic  Pressing  (HIP) 

HIP  treatment  of  ingot  #10  was  done  by  Kawecki-Berylco 
Inc.  The  ingot  was  heated  to  900°F  (482°C)  for  2  hours  at  a 
pressure  of  15,000  psi  of  argon. 

Chemical  Analysis  and  Hydrogen  Content 

Chemical  analysis  was  done  by  atomic  emission  spectroscopy. 

Hydrogen  analysis  was  performed  for  surface  and  volume  hydrogen 

using  an  Ithac  02  Fast  Hydrogen  Determinator.  This  instrument 

uses  the  nitrogen  carrier  fusion  method  as  described  by 
f  32 1 

Degreve .  1 

Heat  Treatment 

All  material  was  solution  heat  treated  at  975°F  (524°C) 
for  30  minutes  in  argon,  followed  by  a  cold  water  quench.  A 
limited  number  of  Al-Li-Mn  and  Al-Li-Mn-Fe  samples  (desiqnated 
”-h")  were  solution  heat  treated  at  1050°F  (565°C)  for  1  hour 
and  cold  water  quenched. 

Aging  Studies 

Ha rdness-aqing  curves  were  established  for  325°,  350°, 

375°,  and  400°F  (163°,  177°,  191°,  and  204°C  respectively). 
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Hardness  measurements  were  taken  using  the  Rockwell  B  scale. 
Aging  of  material  for  tensile  and  hardness  testing  was  done 
in  circulating  air  furnaces. 

Mechanical  Testing 

Tensile  strength,  yield  strength,  and  percent  elongation 
were  obtained  using  a  0.250"  x  1.00"  gauge  section  for  longi¬ 
tudinal  and  transverse  samples  with  underaged,  peak  aged,  and 
overaged  samples. 

Standard  Kahn  tear  test  blanks  (2  1/4"  x  1  7/16”)  were 
used  to  determine  crack  initiation  and  crack  propagation 
energies.  Kahn  tear  tests  were  performed  on  those  alloys  and 
aging  conditions  which  exhibited  the  most  tensile  ductility. 

Metallography 

Metallographic  sections  of  as-solutioned  samples  were 
examined  as-polished.  Overaged  samples  etched  with  Keller's 
reagent  were  used  to  determine  subgrain  size.  An  electrolytic 
etch  was  used  to  determine  g-ain  size. 

Scanning  electron  microscopy  (SEM)  electron  microprobe 
was  used  for  examination  of  polished  sections  and  fracture 
samples  in  the  underaged,  peak  aged,  and  overaged  tempers. 

Transmission  electron  microscopy  (TEM)  was  used  to  examine 
rolling  plane  sections  of  those  samples  of  particular  interest. 
TEM  was  carried  out  on  an  RCA  EMU-3G  electron  microscope  at 
100  KV. 

Results 

Chemical  Analysis 

Chemical  analysis  results  are  given  in  Table  4-1. 

Lithium  levels  were  fairly  well  controlled,  ranginq  from 
3.07-3.3%  for  thu  3%  aim.  Magnesium,  also  prone  to  oxidation, 
showed  a  dramatic  loss  (approximately  507)  during  meltinq  and 
casting  of  the  Al-Li-Mg-Si  ingots.  The  resulting  excess 
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silicon  may  lead  to  the  precipitation  of  L^A^Si^,  a  hardening 
precipitate  found  in  Soviet  investigation  of  an  Al-Li-Si 
alloy. 

Alloys  #23  and  #24  in  the  Al-Li-Mn-Fe  system  had  only 
a  25%-30%  recovery  of  iron.  In  addition,  bismuth  was 
difficult  to  put  in  solution,  with  no  detectable  recovery 
(<0.005%),  even  with  an  addition  of  0.01%. 

The  use  of  a  new  lithium  hardner  in  casts  22-26  resulted  in 

calcium  levels  dropping  from  0.02%  typical  to  0.001%.  Sodium 

levels  were  excellent  (0.0001%)  for  all  castings  and  well  below 

f  1 8  1 

the  0.004%  level  found  to  cause  sub-boundary  embrittlement. 

Hydrogen  levels  given  in  Table  4-2  are  fairly  low  compared 
with  other  aluminum-lithium  studies .  ^ 4  '  ^ ^  However,  these 
levels  are  unacceptable  in  commercial  aircraft  alloys  in  that 
porosity  is  generally  associated  with  hydrogen  levels  above 
0.12  ml/100  g. 

Microstructure 

An  electrolytic  (Barker's)  etch  was  used  to  determine 
degree  of  recrystallization  of  the  sheet.  Figures  4-1  through 
4-10  show  typical  grain  structures  for  the  various  samples. 
Recrystallization  is  evident  in  all  samples  without  zir¬ 
conium.  Zirconium  appears  to  be  a  more  effective  inhibitor 
of  recrystallization,  as  evidenced  by  the  lack  of 
recrystallization  seen  in  those  samples. 

Processing  and  heat  treating  variables  have  a  strong 
influence  on  microstructure.  The  intermediate  anneal  before 
cold  rolling  caused  #22  (Al-Li-Zr)  to  recrystallize  totally 
with  an  elongated  grain  structure  (Figure  4-2).  #22--AR,  cold 

rolled  directly  from  hot  line  gauge,  resulted  in  very  little 
recrystallization.  The  high  temperature  (1050rF  [565°C]/1  hour) 
solution  heat  treatment  had  little  effect  on  the  Mn+Fe  alloys, 
but  caused  excessive  grain  qrowth  in  the  manganese-only ( # 2 5 ) 
sheet  (Figure  4-10). 
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As-polished  metallographic  sections  were  examined  for 
all  samples.  A  typical  example  from  each  system  is  shown  in 
Figures  4-11  through  4-15.  All  samples  show  some  evidence  of 
porosity;  however,  the  manganese-bearing  alloys  showed  a 
minimal  amount.  Despite  HIP  treatment,  #10  showed  evidence 
of  porosity,  particularly  in  the  as-HIPed  ingot.  Large  in¬ 
soluble  phases  were  evident  in  the  magnesium-silicon  and 
manganese-containing  alloys.  The  1050°F  (565°C)/1  hour 
solution  heat  treatment  appears  to  result  in  somewhat  fewer 
"fines"  in  the  matrix  than  the  975°F  (524°C)/30  minute  solu¬ 
tion  heat  treatment  in  the  manganese-bearing  alloys.  The 
movement  of  manganese  in  aluminum  is  very  sluggish,  and  sig¬ 
nificant  change  in  the  larger  manganese-bearing  particles 
should  not  be  expected. 

Subgrain  structure  as  revealed  using  Keller's  reagent 
is  shown  in  Figures  4-16  through  4-19  for  samples  from  each 
alloy  system.  Well  overaged  samples  (e.g.  375°F  (191°C)/480 
hours)  were  used  so  as  to  decorate  the  subgrain  boundaries. 

Microstructural  details  for  each  alloy  for  each  solution 
heat  treatment  and  rolling  condition  are  tabulated  in  Table 
4-3. 


Aging  Study 

Aging  curves  are  presented  in  Figures  4-20  through  4-34. 
Of  alloys  #19-#26,  the  manganese-containing  alloys  show  the 
slowest  response  to  aging.  The  copper-bearing  and  magnesium- 
silicon-bearing  alloys  show  the  quickest  response. 

Aging  curves  for  #22  (Al-Li-Zr) ,  #24  (Al-Li-Mn-Fe) ,  and 
#25  ( Al-Li-Mn )  were  obtained  for  sheet  cold  rolled  with  and 
without  an  intermediate  anneal.  Aging  response  appears  to 
be  sliqhtly  quicker  with  no  intermediate  anneal,  in  some  cases 
reachinq  a  higher  hardness  in  the  no-anneal  condition.  This 
higher  hardness  is  probably  due  to  reduced  recrystallization 
of  the  no-anneal  material  as  reported  under  the  section  on 
me  ta 1 lography . 
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The  high  temperature  (1050°F  [565°C])  solution  heat 
treatment  given  to  the  manganese-containing  alloys  had  a 
minimal  effect  on  the  aging  curves,  though  the  Al-Li-Mn-Fe 
alloys  (#23,  #24)  showed  a  somewhat  higher  peak  hardness 
with  the  high  temperature  solution  heat  treatments. 

Tensile  Test  Results 

Tensile  strength,  yield  strength,  and  elongation  results 
are  presented  in  Tables  4-4  through  4-13  .  Material  was  tested 
in  the  underaged,  peak  hardness,  and  overaged  conditions  for 
each  alloy. 

In  general,  elongation  was  very  low  for  all  but  the 
Al-Li-Cu  (#19)  and  Al-Li-Zr  (#26)  alloys.  In  addition,  all 
but  the  Al-Li-Cu  alloy  were  prone  to  fracture  outside  the 
gauge  length.  This  may  be  due  to  large  stress-concentrating 
insolubles  found  in  the  other  alloys.  However,  as  can  be 
seen  in  the  tensile,  yield,  and  elongation  tables,  those 
fracturing  outside  the  gauge  length  typically  had  the  same 
elongation  as  those  fracturing  within  the  gauge  marks.  This 
indicates  that  the  elongation  is  primarily  uniform,  with 
little  contribution  due  to  necking. 

Fracture  Characteristics 

Binocular  microscopic  examination  of  the  broken  tensiles 
showed  different  fracture  modes,  such  as  45°  shear  and  inter¬ 
granular  failure,  in  the  different  alloys  and  tempers.  In 
addition,  various  defects,  such  as  porosity  and  inclusions, 
became  apparent,  which  should  be  considered  in  interpreting 
the  tensile  data.  In  particular,  a  large  number  of  samples 
showed  centerline  porosity,  which  resulted  in  a  "delamination" 
through  all  or  part  of  the  width  of  the  gauge  section  during 
testing.  A  summary  of  fracture  characteristics  and  material 
defects  in  each  sample  is  given  in  Table  4-14. 

Of  the  aluminum-lithium  binary  alloys,  #10  (2.87I,i),  #22 

( 3 . 26Li-0 . 06Zr ) ,  and  #26  ( 3 . 2 3Li -0 . 08 Zr ) ,  #10  showed  the 
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lowest  strength.  Ductility  was  also  poor,  generally  <6% 
elongation.  Despite  HIP  treatment  for  #10,  porosity  and 
inclusions  apparently  contributed  to  low  strength  and  ductility, 
and  this  alloy/process  combination  was  not  included  in  further 
testing.  SEM  (Figures  4-35  through  4-37)  showed  the  failure 
of  #10  to  be  characteristically  intergranular  for  all  tempers. 
Al-Li-Zr  (#22AR)  also  showed  apparent  intergranular  failure 
(Figure  4-38) .  However,  the  "grains"  correspond  fairly  closely 
to  the  observed  subgrain  size  (using  Keller's  reagent),  rather 
than  to  the  grain  size.  This  may  indicate  subgrain  boundary 
rather  than  grain  boundary  failure. 

Al-Li-Zr  (#26A)  showed  fairly  good  ductility  in  the  LT 
direction.  Elongations  were  generally  6%-8%  for  all  tempers. 

In  contrast,  the  longitudinal  elongation  was  very  low.  (#26B, 
with  a  low  temperature  homogenization,  did  not  perform  as  well 
as  #26A;  therefore,  emphasis  was  placed  on  #26A.) 

The  Al-Li-Cu  alloy  showed  good  elongations,  especially  in 
the  underaged  samples.  Figure  4-39  shows  the  relationship  be¬ 
tween  temper  and  elongation.  Again,  elongation  is  somewhat 
better  in  the  LT  direction,  decreasing  with  increasing  aging 
time . 

The  fracture  of  the  Al-Li-Cu  samples  was  predominantly 
transgranular  45°  shear  for  both  test  directions.  In  general 
the  fracture  surface  was  bright  for  the  underaged  temper,  pro¬ 
gressing  to  a  dull,  or  rougher  (more  typical  of  brittle 
fracture),  surface  for  the  overaqed  samples.  There  samples 
showed  some  necking  at  the  fracture. 

On  a  micro-scale  the  fractures  showed  dimples,  which  are 
normally  associated  with  ductile  fracture.  The  dimples  became 
more  prominant  and  well-defined  with  increased  aging,  as  shown 
in  Figures  4-40  through  4-42.  Dimple  size  corresponds  ap¬ 
proximately  to  subgrain  boundary  size,  indicating  that  fracture 
may  be  due  to  subgrain  boundary  failure.  Subqrain  boundaries 
generally  show  increased  precipitation  and  wider  precipitate- 


free  zones  (PFZ)  with  increased  aging.  This  may  cause  lower 
strength  at  the  subgrain  boundary,  explaining  the  greater 
dimple  definition  with  increased  aging. 

The  Al-Li-Mg-Si  alloys  (#20,  #21)  showed  strengths  similar 
to  the  binary  alloys.  It  appears  that  additions  of  magnesium 
and/or  silicon  decrease  ductility  somewhat.  These  alloys 
exhibit  largely  45°  shear  in  the  underaged  condition,  progress¬ 
ing  to  flat,  brittle  failures  in  the  overaged  condition.  In 
general  little  or  no  necking  was  seen.  SEM  of  an  overaged 
sample  (Figure  4-43)  showed  some  dimpling  of  the  fracture 
surface . 

The  Al-Li-Mn  (#25)  and  Al-Li-Mn-Fe  (#23,  #24)  alloys 
showed  poor  ductility  and  no  necking.  SEM  (Figure  4-44) 
examination  showed  largely  intergranular  failure.  In  addition, 
silicon-rich  and  manganese-rich  insolubles  were  identified. 

Kahn  Tear  Tests 

Kahn  tear  test  results  are  presented  in  Tables  4-15 
through  4-20.  The  results  in  general  were  very  poor, 
particularly  in  the  T-L direction. 

The  Al-Li-Mg-Si  and  Al-Li-Mn- (Fe)  alloys  showed  near  zero 
crack  propagation  energy  for  the  tempers  tested.  This  was  not 
unexpected  considering  the  very  low  ductility  seen  in  the 
tensile  tests.  The  Al-Li-Zr  alloys  showed  somewhat  better 
crack  propagation,  but  did  not  perform  as  well  as  the  tensile 
test  ductility  might  have  indicated. 

The  Al-Li-Cu  alloy,  which  showed  good  longitudinal  and 
transverse  elongation  in  tensile  tests,  also  had  poor  tear 
test  properties.  Crack  propagation  energy  was  comparable  only 
to  that  of  the  most  brittle  commercial  alloys  (see  Discussion). 

In  all  alloys  the  crack  front  tended  to  follow  the  grain 
direction.  The  crack  front  in  the  T-L  samples  propagated  straight 
in  the  rolling  direction,  while  in  the  L-T  direction  there  was 
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a  tendency  in  some  samples  to  turn  from  perpendicular  to  parallel 
to  the  rolling  direction. 

Transmission  Electron  Microscopy  (TEM) 

Micrographs  of  Al-Li-Zr  alloy  #26A  in  the  underaged 
condition  are  given  in  Figures  4-45  and  4-46.  The  spherical  6' 
precipitate  is  very  small,  but  is  resolvable  at  46,Q00X.  Note 
the  grain  boundary  is  pinning  by  small  particles,  presumably 
Al 3  Zr . 

A  narrow  grain  boundary  precipitate- free  zone  (PFZ)  is 
visible  in  the  underaged  sample.  The  overaged  samples  show 
pronounced  PFZ ' s  (Figure  4-47),  typically  7500A  for  samples 
aged  400°F  (204°C)/64  hours.  It  appears  that  the  PFZ  width  is 
strongly  orientation  dependent  in  that  some  grain  boundaries 
do  not  exhibit  a  perceptible  PFZ.  Figure  4-47B  shows  a  triple 
point  with  two  grain  boundaries  exhibiting  a  wide  PFZ,  while 
along  the  third  grain  boundary  the  PFZ  diminishes  to  an 
imperceptible  width. 

Discontinuous  precipitation  (Figure  4-48)  was  observed 

in  the  Al-Li-Zr  alloy,  but  was  uncommon.  Williams  and 
r  34  1 

Edington  report  that  this  phenomenon  occurs  at  all  grain 

boundaries  with  extended  aging;  however,  it  was  observed 
infrequently  in  any  of  our  material  examined. 

The  Al-Li-Mn  alloy  aged  400°F  (204°C)/64  hours  (overaged) 
shows  6'  of  size  similar  to  that  of  the  Al-Li-Zr  alloy  in  the 
same  condition  (Figure  4-49).  In  addition,  there  is  a 
scattering  of  submicron  size  dense  particles,  presumably 
MnAl 6 .  Grain  boundaries  (Figure  4-50)  show  a  7500A  PFZ 
similar  to  that  seen  in  the  Al-Li-Zr  alloy.  The  high  temp¬ 
erature  solution  heat  treatment  (1050°F  [565°C]/1  hour)  with 
the  same  aging  practice  (Figure  4-51)  shows  a  PFZ  around  most 
of  the  dispersoid  phases  in  what  appears  to  be  a  greater 
degree  than  in  the  normal  solution  heat  treated  material. 
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No  discontinuous  precipitation  was  seen  in  the  Al-Li-Mn 
alloy.  It  was  thought  that  the  high  solution  heat  treatment 
temperature  and  water  quench  might  provide  a  more  uniform 
distribution  of  lithium  near  grain  boundaries.  Such  a  distri¬ 
bution  of  lithium  (smaller  PFZ)  would  be  more  likely  to 
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encourage  discontinuous  precipitation. 

Peak  hardening  of  the  Al-Cu-Li  alloy  appears  to  be 

related  most  closely  to  the  aluminum-copper  aging  sequence. 

Figure  4-52  shows  the  alloy  at  peak  hardening  and  is 

characterized  by  abundant  coherency  strains  associated  with 

0"  growth.  Precipitation  of  0"  is  responsible  for  the  peak 
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hardening  of  aluminum-copper  binary  alloys.  Diffraction 

patterns  show  string  LI2  superlattice  reflections  in  this 
temper  as  well  (Figure  4-53),  indicating  that  6'  is  present. 
Other  diffracting  conditions  (Figures  4-54  and  4-55)  show 
that  there  has  also  been  some  precipitation  of  the  strain-free 
U *  plates  in  the  peak  aged  material. 

Further  aging,  to  the  overaged  condition,  promotes  the 
formation  of  O'-like  plates,  seen  in  Figures  4-56  through 
4-60.  There  is  extensive  grain  boundary  or  sub-boundary 
precipitation  evident.  As  discussed  earlier,  extended  aging 
(though  as  little  as  100  minutes  at  398°F--200°C)  in  the 

Al-Li-Cu  system  can  result  in  the  diffusion  of  lithium  into 
O'  and  subsequent  formation  of  T0  ( A1 j 5 Cuu Li 2 )  with  the  same 
morphology  as  O'.  In  addition,  the  plate-like  ternary  phase 
is  expected  with  this  composition.^^  Thus  the  pre¬ 
cipitates  referred  to  as  u' ,  or  identified  as  u'  in  these 
micrographs,  are  likely  modified  by  diffusion  of  lithium  or, 
in  some  cases,  are  actually  a  ternary  phase  as  described  below. 

The  displacement  frinqe  contrast  in  the  overaged  Al-I.i-Cu 
alloy  in  Figures  4-58  and  4-59  is  identical  to  stacking  fault 
contrast.  However,  the  stacking  fault  energy  of  aluminum  is 
high,  and  such  faults  are  uncommon.  The  contrast  is  possibly 
due  to  an  orientation  of  6'  nearly  in  the  plane  of  the  foill^ 
More  likely,  though,  is  that  the  T^  phase  is  present,  causing 
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such  contrast  due  to  the  "stacking  fault"  arrangement  of  atoms 
at  the  matrix-precipitate  interface.  X-ray  work  has  shown  the 
interface  to  be  a  near  perfect  match  of  the  precipitate  hexagonal 
basal  plane  and  the  (111)  FCC  matrix  plane.  1  1  The  atomic 

positions  are  then  essentially  in  a  stacking  fault  sequence  at 
the  precipitate-matrix  interface,  giving  rise  to  the  contrast 
seen  in  the  overaged  alloys.  In  this  way  the  plate-like 
precipitates  can  be  identified  as  . 

Specimens  overaged  further  (350°F  [163°C]/480  hours), 

Figures  4-61  through  4-64,  show  similar  features  with  larger 
and  more  pronounced  0'  and/or  .  Some  0"  is  retained  as 
evidenced  by  coherency  strains. 

TEM  of  the  gauge  section  of  a  tensile  sample  in  an 

overaged  condition  (Figures  4-65  through  4-67)  reveals  heavy 

dislocations  in  some  grains  and  intense  planar  slip.  This  is 

typical  of  the  aluminum-lithium  system  and  similar  to  the  be- 

r  4 1 

havior  reported  by  Sanders  for  2020.  Severe  strain  at  grain 

boundaries  occurs  when  the  planar  slip  progresses  to  the  degree 
seen  in  Figure  4-67. 

Discussion  and  Conclusions  of  Phase  III 

Casting  and  Fabrication  of  Sheet 

Bookmold  ingots  were  cast  and  0.063"  sheet  successfully 
fabricated.  Significant  problems  occurred  with  hydrogen,  the 
related  problem  of  porosity,  and  inclusions. 

Some  samples  were  successfully  cold  rolled  off  the 
hoc-line  gauge,  but  in  general  the  alloys  needed  an  anneal 
before  cold  rolling  to  prevent  edge  cracking.  The  Al-Li-Mn 
and  Al-Li-Mn-Fe  alloys  suffered  particularly  from  edge 
cracking.  Though  an  intermediate  anneal  (932°F  [500°C]/1  hour) 
is  sufficient  to  eliminate  the  problem,  this  treatment  en¬ 
courages  recrystallization  in  the  final  gauge.  Alternatives 
are  a  lower  temperature  anneal  or  a  shorter  anneal  time  at 
high  temperature.  Either  may  suffice  and  not  cause 
recrystallization  in  the  sheet. 
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The  hydrogen  and  porosity  problems  are  difficult  to  deal 
with.  A  delayed  addition  of  the  lithium  until  just  prior  to 
the  casting  may  help  decrease  the  hydrogen  level.  However, 
other  research  ^  ^  indicates  that  hydrogen  content 

increases  immediately  upon  addition  of  lithium. 

Centerline  porosity  may  be  reduced  by  using  a  mold  with 
insulated  sides  so  as  to  produce  directional  solidification. 
This  may  act  to  drive  porosity  to  the  top  rather  than  the 
center  of  the  ingot. 

Grain  Structure 

The  present  work  indicates  that  as  little  as  0.06% 

zirconium  is  effective  in  inhibiting  recrystallization,  while 

up  to  1.4%  manganese  proves  ineffective.  Fridlyander ^  had 

similar  results  comparing  0.1%  zirconium  and  0.6%  manganese 

r  4  i 

in  alloy  01420,  as  did  Sanders1  in  comparing  0.13%  zirconium 
and  0.32%  manganese  in  an  Al-2.85Li  binary  alloy. 

An  intermediate  anneal  following  hot  rolling  strongly 
encourages  recrystallization.  This  effect  may  be  reduced 
with  shorter  time  at  the  annealing  temperature. 

Though  there  are  few  direct  comparisons,  the  particular 
grain  structure  (recrystallized  or  not)  does  not  appear  to 
significantly  affect  the  elongation  or  strength. 

Precipitation  and  Aging  Response 

Aging  curves  show  that  the  alloys  containing  copper  or 
magnesium  and  silicon  have  the  quickest  response  to  aging, 
with  the  binary  and  magnesium-containing  alloys  showing  a 
slower  response. 

There  are  indications  that  peak  hardening  in  the  Al-Cu-Li 
alloy  is  associated  primarily  with  u"  formation  and  less  with 
^ 1 .  TKM  of  sheet  in  the  peak  aged  condition  shows  u" ,  while 
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6'  (typically  500A  in  peak  aged  binary  alloys)  is  not  resolved. 
If  this  is  the  case,  it  would  at  least  partially  explain  the 
greater  tensile  ductility  seen  in  this  alloy.  If  peak  harden¬ 
ing  can  be  reached  with  a  minimal  ripening  of  6' ,  then  the 
optimum  strength/ductility  combination  might  be  realized. 

Discontinuous  precipitation  of  6’ ,  reported  by  Williams 
r  34 } 

and  Edington1  J,  was  observed  m  the  Al-Li-Zr  alloy.  The 
reaction  was  uncommon  and  was  not  seen  in  the  Al-Li-Mn  and 
Al-Li-Cu  alloys  examined.  The  occurrence  of  the  phenomenon 
is  rare  enough  that  it  should  present  no  problem  in  the  system, 
such  as  associated  grain  boundary  weakening  found  in  some  alloy 
systems . 

Tensile  and  Yield  Strengths  and  Elongation 

Though  showing  moderate  strength,  the  Al-Li-Mg-Si, 
Al-Li-Mn,  and  Al-Li-Mn-Fe  systems  showed  no  promise  as  far 
as  acceptable  ductility. 

The  Al-Li-Cu  system  exhibited  strengths  comparable  to  the 
Al-Li-Zr  alloys  in  comparable  tempers,  but  showed  much  improved 
ductility.  The  properties  given  in  Table  4-6  can  be  compared 
with  other  alloys  in  the  Al-Li-Cu  system  below. 


Description 

UTS 
(fcM  ) 

VS 

Ik  si) 

Et onq . 

(  %  ) 

VAD  Nominal  . 

68 

58 

6-8 

(Norn.  Al-5.2Cu-l.2Li-0.6Mn) 

2020-T6  Typical [ 5] --L 

82 

77.5 

7.4 

2020-T4  Typical  [5 1  — L 

50 

34 . 2 

16 . 5 

Al-2.2Li-2.0Cu  '#19)  L 

63 

50 

5-8 

(Present  study-- typical )  LT 

56 

4  3 

6-12 

Thus  the  properties  of  the  sheet  in  the  current  study,  of 
higher  lithium  content,  show  values  somewhat  lower  than  other 
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Al-Li-Cu  alloys  in  terms  of  the  tensile  strength/ductility 
combination. 

Tensile  Fracture  Characteristics 

The  more  brittle  alloys,  in  the  Al-Li-Mg-Si  and 
Al-Li-Mn- (Fe )  systems,  showed  predominantly  a  flat,  brittle 
fracture.  The  more  ductile  alloys,  in  the  Al-Li-Cu  and  Al-Li 
systems,  generally  showed  a  45°  shear  in  the  underaged  samples, 
with  an  increasing  degree  of  flat-face  fracture  with  continued 
aging . 

In  general  the  alloys  showed  a  dimpled  fracture  surface. 

The  dimples  were  more  pronounced  with  increased  aging  time. 

The  dimple  size  may  be  related  to  subgrain  size.  TEM  has 
shown  formation  of  a  PFZ  on  grain  and  subgrain  boundaries. 

The  formation  of  the  PFZ  and  consequent  weakening  and  failure 
at  the  subgrain  boundaries  may  be  the  mechanism  for  failure. 

If  this  is  the  case,  then  an  aging  practice  or  thermomechani cal 
treatment  (TMT )  to  produce  significant  hardening  without  PFZ 
formation  could  lead  to  a  better  strength/ductility  combination. 

Fracture  Toughness--Kahn  Tear  Tests 

The  Kahn  tear  tests  showed  poor  toughness  values  in  general 
for  the  alloys  and  tempers  tested.  The  Al-Li-Mg-Si  and 
Al-Li-Mn- (Fe)  alloys  showed  near  zero  unit  propagation  energy. 
The  Al-Li-Cu  and  Al-Li-Zr  alloys  showed  somewhat  better  crack 
propagation  energy  values,  but  even  the  better  tempers  are 
comparable  only  to  those  commercial  alloys  with  the  poorest 
tear  behavior. 

For  comparison  Table  4-21  gives  tensile  and  tear  values 
for  some  commercial  alloys  including  AA2020.  Of  those  listed, 
all  performed  significantly  better  than  the  Al-Li-Cu  alloy, 
except  2020-T6  and  2024-T86,  which  have  significantly  higher 
tensile  and  yield  strengths. 

The  Al-Cu-Li  alloy  was  the  only  alloy  under  study  which 
indicated  any  significant  resistance  to  crack  propagation. 


Possible  methods  to  improve  the  toughness  of  this  alloy 
include  those  methods  discussed  previously  to  increase 
ductility.  These  include  an  aging  sequence,  TMT,  or  alloying 
addition  to  encourage  more  rapid  8"  precipitation  than  6' 
precipitation  and  treatments  to  discourage  the  formation  of  a 
PFZ  at  grain  boundaries  or  subgrain  boundaries. 


CHEMICAL  ANALYSES  OF  ALLOYS  PRODUCED  IN  PHASE  III 
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TABLE  4-3 

MICROSTRUCTURAL  DETAILS  OF  PHASE  III  SHEET 


A  tloy 

Oc-6  cniption 

Gn&in  StAuctuAe. 
Re.cnij6talli.zzd? 

Subgnain  Virmm-ion 6  [pm] 
Longitudinal  Cn.o6A-Szc.tion 

Tniotublzi 

Pol c 6  <  t  n 

Al-Li 

#10  (HIP) 

Yes,  coarse 
equiaxed 

No 

Yes 

Al-Li-Zr 

#22 

Yes,  elongated 

No 

Yes 

#22 — AR 

Slight 

6  x  10 

No 

Yes 

#26A — AR 

Slight 

4x6 

Yes 

Yes 

#26B 

50% 

5  x  10  in  unrecrystallized 

Yes 

Yes 

recrystallized 

area 

1 

Al-Li-Cu 

#19— AR 

Slight 

2x5 

Little 
_ _ ' 

Yes 

Al-Li-Mg-Si 

#20--AR 

No 

2x4 

Yes 

Yes 

#21 

No 

Yes 

Yes 

Al-Li-Mn-Fe 

#23— AR 

r 

1 

1 

Little 

#23-h 

Yes,  fine 

\  (Mn , Fe ) Al6 

No  ! 

#24--AR 

equiaxed 

No 

#  24-h 

l 

*’o 

Al-Li-Mn 

#25 

Yes,  elongated 

/ 

/ 

#25 — AR 

Yes,  elongated 

/.MnAl0 

<(Litt.le 

#25-h 

Yes,  coarse 
elongated 

l 

L 
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TABLE  4-4 

LONGITUDINAL  AND  TRANSVERSE  TENSILE  PROPERTIES  OF 
Al-Li  (#10-HIP)  SHEET  SHT  9  75°F/30  MINUTES 
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TABLE  4-5 


LONGITUDINAL  AND  TRANSVERSE  TENSILE  PROPERTIES  OF 
Al-Li-Zr  (#22)  SHEET  SHT  975°F/30  MINUTES 


Age 

Age 

Time 
(Hm. ) 

Lo  ng itud inaT 

Tsianiven&e 

UTS 
(fei  <) 

VS 

( kii ) 

El onq. 

(Sf 

UTS 

(kit) 

VS 

(fcii) 

Elonq  . 

(%f 

325 

168 

1 58 . 5 
57.1 

46.4 

45.4 

3.  0* 
2.0* 

240 

50.9 

53.9 

43.0 

43.2 

* 

5.0 

480 

59.3 

59.7 

46.4 

45.4 

4.0* 

5. 0* 

350 

16 

44.2 

38.6 

1.0* 

45.3 

44 . 3 

34.8 

34.2 

mm 

64 

156. 8 
57.6 

44 . 8 
44.4 

2.0* 

3.0* 

47.1 

47.9 

39.2 
38 . 5 

56.7 

51.0 

48 . 7 

43.8 

1.0* 

2.0* 

240 

158.8 

55.2 

44.0 

44.0 

7.0* 

3.0* 

270 

50.4 

47.7 

41.7 

40.9 

3.0 

2.0 

375 

2 

41.9 

32.4 

6.0 

41.1 

43.7 

30.1 

30.7 

4.0* 

5.0* 

16 

1 

57.3 

58.0 

44.1 

46.1 

3.0* 

4.0 

64 

53.8 

55.4 

40. 3 
42.1 

6.0 

3.0 

46.9 

47.9 

39.5 

39.8 

2.0* 

2.0* 

120 

155. 5 
54.7 

42 . 5 

41.5 

6.0 

6.0 

168 

53.6 

49.2 

40.2 

38.3 

3.0* 

2.0* 

400 

_ 

1 

146.  3 
49.2 

35.4 

38.2 

5.0 

5.0 

40.9 

41.1 

33.  7 
34.1 

2.0* 

2.0* 

8 

1 5  4 . 9 
58.2 

42. 7 
44 . 5 

2.0* 

4.0* 

46.1 
46 . 6 

36 . 5 
35.9 

wm 

47.6 

45.6 

39.0 

39.9 

4.0 

2.0* 

i 

i 

*Fracture  outside  of  gauge  length. 

^AR--Those  cold  rolled  directly  from  hot  line  gauge; 
no  intermediate  anneal. 


TABLE  4-6 

LONGITUDINAL  AND  TRANSVERSE  TENSILE  PROPERTIES  C 
Al-Li-Zr  (#26A--AR1)  SHEET  SHT  975°F/30  MINUTES 


Age  Longitudinal 

Time  CTT5  ‘TS  HTciuTT 
IH> 14. )  ihs<)  (ts<)  [%)' 


T  i  a  ii  i  v  e  1 J  e 
UT3TT  "  V3T  fT 


U’S<]  !  U-j< 


5  3.-1  I  4  5.7  4.0 
55.4  |  45. i  6.0 


120 

61 . 6 
57.6 

4  9.6 
50.4 

4 . 0 
2.0* 

480 

57 . 6 
58.0 

47.5 

48.9 

6.0 

* 

4 

51.1 

52.0 

42.6 

41.8 

2.0* 

3.0* 

32 

58 . 4 

60.4 

49.  1 
48  .  1 

1  .  0* 
3.0* 

59 . 4  I  4  8.  i  C  .  0 

5  9.6  |  4 H  .  2  !  4.0 

57.5  I  47.5  6.0 


5  4 . 5  I  4  9.1  7.0 

5  4 . 6  i  4  2.9  6.0 


58.0 

57.0 


45.4 

44.1 


4  .0* 
4 .0* 


56.7  48.11  2.0* 

60.1  47.2;  3.0* 


5  5 . 9  4  4.9  2.0* 
54.31  -5  5.4  2.0* 


‘Fracture  outsider  of  qauuo  lenuth. 

^AR — Those  cold  rol  l  ed  iiieot.lv  f  l 
no  intermediate  anneal. 


6  0 . 8  4  8.2 

58.8  47 . 2  i 

_ _ _  I 

5  5.4 

5 5 . 4  I  43.8 

55.6  I  47.9  j 

57.2  !  42.91 

"4 - 

58.9  45.71 

59.4  46.7  | 

56.2  42.4  ! 

52.7  4  7  .  3  ! 


5  9.6;  45.0jl 

5 8 . 5  |  44.8 


1  i  in  -  1  :n  nee 


r  i 

i  * 
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TABLE  4-7 

LONGITUDINAL  AND  TRANSVERSE  TENSILE  PROPERTIES  OF 
Al-Li-Zr  ( #26B)  SHEET  SHT  975°F/30  MINUTES 


Age 

Age 

Time. 

(  HK6  . ) 

Longitudinal 

T4.an6vzn.Ae 

UTS 
( kil) 

ys 

( kii ) 

Eton g . 

m 

UTS 
(kA  l) 

VS 

(  kAl  ) 

Elong . 
(1! 

325 

24 

55.1 

55.2 

44.5 

43.8 

5.0* 

7.0 

120 

55.2 

58.4 

48 . 5 
49.2 

1.0* 

1.0* 

59.4 

53.6 

46.2 

45.7 

6 . 0 
2.0* 

480 

61.0 

48.7 

5.0* 

600 

59.6 

61.8 

49.9 

49.0 

— 

350 

8 

50.4 

50.7 

a 

1.0* 

1.0* 

54.3 

53.5 

m 

6.0* 

5.0* 

45 

52.9 

56.1 

a 

1.0* 

1.0* 

58.9 

58.9 

ES 

6.0 

5.0* 

300 

60.7 

58.7 

46.8 

45.6 

4.0* 

6.0 

52.1 

53.5 

m 

4.0* 

5.0* 

375 

2 

m 

41.7 

40.7 

1.0 

2.0* 

52.8 
54 . 3 

IB 

m 

32 

61.2 

56.5 

46 . 7 
48.1 

57.9 

56.8 

IB 

5.0* 

6.0 

400 

1 

45.7 

50.3 

EH 

1.0* 

2.0* 

8 

53.5 

60.9 

44.6 

46.1 

4.0 

5.0 

m 

m 

5.0* 

5.0* 

*Fracture  outside  of  gauge  length 
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TABLE  4-8 

LONGITUDINAL  AND  TRANSVERSE  TENSILE  PROPERTIES  OF 
Al-Li-Cu  (I19--AR1)  SHEET  SHT  975°F/30  MINUTES 


Age 

Age 

Time. 

( Hti-&  .  ) 

■■UilllllMXflHH 

(>??• 

UTS 

{k6l) 

■ITWI 

HU 

UTS 

{k&i) 

BKM 

nan 

am 

325 

16 

59.6 

62.3 

j—W 

■MM 

ISEKl 

i 

12.0* 

5.0 

58.0 

57.2 

IS 

11.0 

6.0 

64 

66.5 

66.9 

Bj 

5.0 

5.0 

168 

63. 1 
64.4 

47.8 

52.9 

8.0 

8.0 

350 

3 

59.0 

57.2 

9.0 

5.0* 

55.4 

55.0 

41.8 

40.7 

12.0 

12.0 

32 

50.6 

52.7 

6.0 

4.0* 

57.7 

58.2 

IS 

90 

55.0 

55.2 

IS 

375 

2 

58.8 
56 . 0 

44.7 

43.7 

6.0* 

8.0 

55.7 

54.5 

B 

1 

16 

59.9 
60.  3 

49.  7 
49 . 7 

8.0 

8.0 

54.1 

53.5 

B 

B 

54.5 

53.6 

43.3 

39.0 

8.0 

8.0 

49.4 

50.3 

38.6 

39.4 

8.0 

8.0 

Natural 

aqe 

6 

months 

wmm 

‘Fracture  outside  of  qauqe  lenqth. 

^AR--Those  cold  rolled  directly  from  hot  line  qauqe; 
no  intermediate  anneal. 


-77- 


TABLE  4-9 

LONGITUDINAL  AND  TRANSVERSE  TENSILE  PROPERTIES  OF 
Al-Li-Mg-Si  (#20)  SHEET  SHT  975°F/30  MINUTES 


♦Fracture  outside  of  gauge  length. 

'*‘AR--Those  cold  rolled  directly  from  hot  line  gauge; 
no  intermediate  anneal. 
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TABLE  4-10 

LONGITUDINAL  AND  TRANSVERSE  TENSILE  PROPERTIES  OF 
Al-Li-Mu-Si  (#21— AR1)  SHEET  SHT  975°F/30  MINUTES 


o  nazzuazna 


n.an&  veA.4  e 


KIM 


325  64 


350  16 


Iktz] 

4( 
5 ] 

3 . 6 

L  •  7 

5( 

5: 

3.9 

7.0 

6( 

5( 

3.8 

3.9 

5( 

51 

3.3 

L .  8 

5£ 

4' 

3.5 

7.2 

52.3 

52.1 


9.2 

49.8 


50.5 


46. 

,  8 

56. 

,  0 

54  . 

.1 

56. 

.  3 

53. 

,  6 

51. 

,  4 

55. 

,  2 

57. 

,  2 

53, 

.8 

53. 

5 

49.8 

9.7 


3.0 

1.0* 


1.0* 

2.0* 


2.0* 

1.0* 


1.0* 

2.0 


2.0* 

2.0 


2.0* 

2.0 


lift] 


(ki<) 


51. 

.  0 

54  . 

,1 

56  . 

,  8 

57. 

,  0 

55. 

.  4 

52. 

.  1 

57.8 

57.7 


54.9 

54.0 


48.7 

54.3 


48.3 

7.6 


4.0 

3.0* 


4.0 

2.0* 


2.0* 

2.0 


4.0* 
4 . 0 


Fracture  outside  of  qauge  length. 


AR— Those  cold  rolled  directly  from  hot  line  gauge; 
no  intermediate  anneal. 
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TABLE  4-11 

LONGITUDINAL  AND  TRANSVERSE  TENSILE  PROPERTIES  OF 
Al-Li-Mn-Fe  (#23)  SHEET  SHT  975°F/30  MINUTES 
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TABLE  4-12 

LONGITUDINAL  AND  TRANSVERSE  TENSILE  PROPERTIES  OF 
Al-Li-Mn-Fe  (#24)  SHEET  SHT  975°F/30  MINUTES 


Sge 

T  emp . 

{°n 

Time 

TnanA  ue-t-4  e 

■jim 

mm 

mx'tirvm, 

1 

wtiHm 

mmm 1 

■aai'iiiiT 

■hH 

■ 

47.2 

46.5 

90 

i 

47.2 

57.0 

44.  3 

1.0* 

2.0* 

375 

4 

L55.  3 
54.9 

4.0* 

4.0* 

B 

43.3 

43.6 

♦Fracture  outside  of  gauge  length. 

AR — Those  cold  rolled  directly  from  hot  line  gauge; 
no  intermediate  anneal. 
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TABLE  4-13 

LONGITUDINAL  AND  TRANSVERSE  TENSILE  PROPERTIES  OF 
Al-Li-Mn  (#25)  SHEET  SHT  975°F/30  MINUTES 


Age 

T  emp . 

(  r  ! 

Age 

T  ime 
{Hn.i  .  ) 

Long itudina l 

TiamvefiAv  j 

UTS 
l  kill 

y  S 

(feit) 

HUB 

■HIM 

■ 

■MM 

325 

480 

161.0 

60.5 

45.6 

45.9 

* 

3.0 

53.7 

57.0 

46  .  3 
45.8 

350 

32 

46 . 8 

46.9 

38.1 
38 .6 

2 . 0 
2.0* 

120 

52.4 
52 . 8 

41 . 1 
41.4 

— 

2.0* 

2.0* 

375 

4 

1 58 . 1 
56. 7 

38 . 1 
38.8 

5.0*  i 

4.0* 

_ 1 _ 

8 

44.6 

49.1 

38.2 

37 . 2 

1  .  0 

2 .0* 

64 

57.6 

58.9 

42.  3 
43.2 

__  . 

2.0* 

4.0 

1 

90 

51 . 2 
50 . 7 

42 . 3 
41.6 

2.0* 
i.o*  ; 

480 

54.5 

55.0 

51.2 

41.6 

* 

3.0 

.  _  . 

, 

1 .  5 

47.3 
50 . 8 

33.6 

34.6 

4.0 

6.0 

400 

8 

161. 1 
59.8 

42.7 

41.4 

4.0* 

3.0* 

1 

16 

1  3  5  .  3 
53.1 

40 . 7 

1  .  0 
L2:0* 

52.7 
54 .6 

38.4 
39  .  1 

4 . 0 

4  .  0 

49.9 
s?  .  4 

40 . 4 
40.7 

4.0 

4  n 

~  1 

M'rarture  outside  of  qauqc  lenqth. 

^AR--Those  cold  rolled  directly  from  hot  line'  aauec; 
no  intermediate  anneal. 


TENSILE  TEST  FRACTURE  SURFACE  CHARACTERISTICS  OF  PHASE  III  SHEET 


Yes  I  Flat  \ None  j  Little 


Triplicate  specimens. 


TABLE  4-16 


KAHN  TEAR  TEST  RESULTS* 
#22  — Al- 3.  3Li-0. 08Zr 


Ail  UK}  Condition 

L-' 

r 

T- 

L 

cJ  v 
W  cn 
^>s  s; 
cJ 

§3 

cJ  oo 

K 

S  OV  V 

UJ 

^3  W 

CX.  Csi 

o  tri  £ 
err  V 
(X  ^  ^ 

Cj 

V 

*y  uj  i 
s:  s: 

Unit 

To  tat 
Ene.’igij 

“TS 

cv 

CJ  -w 

W  cn 
^  s: 

V  CJ 

§3 

CJ  c r) 

Cxi 

'  V  ^T  .  S 
LI  CTjW 

CJ  -Q 

5  :£ 

li.  CNI 

O  S 

^  Oj  *  *r* 

£X  r  v 

CJ  -Q 
•W  S  c^j 

LL)  t 

Unit 

To  tat 
Encsigy 

350°F/240  hours 

l 

__  _ 
0.65 

74 

) 

74 

(AR) 

375°F/120  hours 

(AR) 

0.97 

124 

58 

182 

0.76 

74 

0 

74 

350°F/240  hours 

1.00 

141 

15 

156 

0.86 

106 

6 

1132 

375°F/2  hours 

1.55 

238 

140 

1402 

1.53 

2  06 

111 

317 

0.125"  sheet 

(no  cold  roll) 

350°F/240  hours 

0.98 

184 

0 

1842 

0.  74 

95 

0 

95 

375°F/2  hours 

1.84 

433 

241 

674 

1.73 

275 

19 

294 

*Duplicate  specimens. 

Single  specimen-duplicate  specimen  fracture  angle  >10°. 
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TABLE  4-17 

KAHN  TEAR  TEST  RESULTS* 
#26A--A1- 3 . 2Li-0 . 08Zr 


Aging  Condition 

L-T 

T- 

L 

ts 

o  v 

CD 

s: 

'v  Cj 

54 

c/) 

•V  CNJ 

‘V  s; 

s  qry 

~  5^ 

V  SN 
•V  UJ  1 

s  s; 

^5  w 

&.  cu 
o  Sis 

•V  s:  <v 
*y  uj  > 

£  s 

=3  W 

Unit: 

Total 

Energy 

"T2 

'V  CD 
iK  s 

C/) 

^ — 

V  Csj 

s  cD*y 

~  5^ 

s  ■v 
•y  uj  i 
s  s 

=3  -y 

a.  cu 

O  Sis 

si'y 

^  5^ 

V  SM 
‘V  UJ  i 

sf  s; 

3  w  , 

Unis 

Totai 

EneAi 

350°F/4  hours 

1.28 

265 

295 

5601 

1.08 

189 

78 

266 

350°F/32  hours 

0.99 

171 

34 

206 

0.93 

130 

0 

130 

350°F/270  hours 

0.89 

105 

11 

116 

0.73 

74 

0 

74 

400°F/2  hours 

1.20 

232 

194 

4261 

1.10 

225 

9 

233 

♦Triplicate  specimens. 

''‘All  specimens  fracture  angle  >30°. 


Energy 
[in-lb/in " 


TABLE  4-19 


KAHN  TEAR  TEST  RESULTS* 
#21--Al-3.2Li-0. 37Si-0.20Mg 


L 

-T 

T- 

L 

Aging  Condition 

13 

•V  cn 

is 

oo 

V  CM 

vsv 

=3  W 

d 

o 

£ 

CnJ 

si 

cnW 

§ 

£ 

lu  1 
£ 

Unit 

Total 

EneAgy 

“T3 

W  cn 
s; 

S3 

cj  oo 

^ — 

•w  cT" 
"5  £ 

£  OvV 

V  £ 

‘l*  i 

=3 

Q.  CM 

O  ^  £ 

cn-V 

V 

•sr  i 

33  -V 

Unit 

Total 

EneAgy 

325°F/8  hours 

AR1 

1.04 

164 

25 

1892 

1.04 

161 

19 

180 

325°F/300  hours 
AR 

0.87 

131 

7 

138 

0.73 

85 

1 

86 

325°F/8  hours 

0.99 

139 

33 

172 

1.07 

174 

16 

190 

325°F/300  hours 

0.79 

101 

9 

111 

0.70 

83 

0 

83 

‘Triplicate  specimens. 

^AR — Those  cold  rolled  directly  from  hot  line  gauge;  no  intermediate 
anneal. 

2Single  specimen — duplicate  specimen  fracture  angle  >30°. 
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♦Triplicate  specimens 


Unix  Pn.op. 

E neAgy„ 
in-lb/in  ) 
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TABLE  4-21 

TYPICAL  TENSILE  AND  TEAR  PROPERTIES 
OF  SOME  COMMERCIAL  ALLOYS 


Mioy 

I.P. 


2020-T4 

-T6 


50,000  34,200 

82,000  77,500 


2024-T3  69,600  52,400  19.5 

-T6  67,200  53,200  9.5 

-T86  77,100  72,400  6.4 


7075-T6  82,300  74,900  11.2 

-T73  71,600  60,300  10.6 


49,400  31,600 

81,800  75,400 


67,400  46,400 

66,300  51,800 

76,100  71,200 


19.7 

600 

8.8 

245 

6.1 

115 

10.8 

220 

10.  3 

400 
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FIGURE  4-1.  LONGITUDINAL  CROSS-SECTION  OF  A 1 -Li  (#10) 

Intermediate  anneal  before  enid  rollinq. 
As-solution  lieat  treated. 

Elect rol vt ie  etch,  100X. 


FIGURE  4-3.  LONGITUDINAL  CROSS-SECTION  OF  Al-Li-Zr 
( #2  6A — AR) 

No  anneal,  as  solution  heat  treated. 
Electrolytic  etch,  100X. 


FIGURE  4-4.  LONGITUDINAL  CROSS-SECTION  OF  Al-Li-Zr 
( #  2  6R ) 

Intermediate  anneal  before  cold  rolling 
As  solution  heat  treated. 


Electrolytic  etch,  100X. 


FIGURE  4-5 


FIGURE  4-6.  LONGITUDINAL  CROSS-SECTION  OF  Al-Ll-Mg-Sl 
(#20 — AM) 

No  anno  i  ] ,  as  solution  heat  treated. 


Elect  ro  lvt.i  e  etch,  100X. 


FIGURE  4-7.  LONGITUDINAL  CROSS-SECTION  OF  Al-Li-Mq-Si 
.  (#21  — AR) 

No  anneal,  as  solution  heat  treated. 

Electrolytic  etch,  100X. 


No  anneal. 

Solution  heat  treatment  97r>‘T  (  S  2  4  °  0 )  /  3  0  minutes. 


FIGUR!'  4 FONG  I  TUI)  f  NA1.  Ut’oss-siVT  !  ONS  OF  Al-I.i-Mn-F 
( ••  2  ^ ) 


Fleet  m  1  v  t  i  o  i  ■  t  e li ,  I  0  OX  . 


w 


-Dii- 


100/ 


I  tl 


Fir.URi;  4-*'. 


i.ONi',  1TI  I>  ]  \',\1, 


A  1  —  I ,  i -Mn-Fc 


#25  — AR. 

Solution  heat  treatment  975°F  (524°C)/ 
30  minutes. 
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FIGURE 


FIGURE 


-11.  LONGITUDINAL  CROSS-SECTION  OF  Al-Li-Zr  (#22 — AR) 

As  solution  heat  treated. 

As-polished,  500X. 


20M 


v- 


-12.  LONGITUDINAL  CROSS-SECTION  OF  Al-Li-Cu  (#19 — AR) 

As  solution  heat  treated. 

As-polished,  500X. 
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FIGURE  4-13.  LONGITUDINAL  CROSS-SECTION  OF  Al-Li-Mg-Si  (#20) 

As  solution  heat  treated. 

As-polished,  500X. 

20/i 


100- 


FIGURE 


=»  » 

l-~>  ■ 


20p 


-15.  LONGITUDINAL  CROSS-SECTION  OF  Al-Li-Mn  (#25 — AR) 

As  solution  heat  treated. 

As-polished,  500X. 
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*  •  Q 


FIGURE  4-16.  TRANSVERSE  CROSS-SECTION  OF  Al-Li-Zr  (#26A--AR) 


975°F  ( 52  4 °C ) / 30  minutes  +  375°F  (177°C)/480  hours. 
Keller's  reaqent  used  to  reveal  subqrain  structure. 
500X . 


FIGURE  4-17.  LONGITUDINAL  CROSS-SECTTON  OF  Al-Li-Cu  ( # 1 9 — AR ) 

97  5  °  F  (524°C)/30  minutes  +  375°F  (177°C)/480  hours. 
Keller's  reaqent  used  to  reveal  subqrain  structure. 
500  X . 
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FIGURE 


FIGURE 


-18.  LONGITUDINAL  CROSS-SECTION  OF  Al-Li-Mg-Si  (#20) 

975°F  (524°C)/30  minutes  +  375°F  (177°C)/480  hours. 
Keller's  reagent  used  to  reveal  subgrain  structure. 
500X . 


-19.  LONGITUDINAL  CROSS-SECTION  OF  Al-Li-Mn-Fe  (#24-h) 

1050°F  (565°C)/1  hour  +  375°F  (177°C)/480  hours. 
Keller's  reagent  used  to  reveal  subgrain  structure. 
500X . 


325°F 


FIGURE  4-22 


(hours) 


lours 


(hours) 


(hours ) 


s  jno 


(hours) 


(hours) 


25KO,X100#m0010  ffi.p  RMMRD 


FIGURE  4-39.  Al-Lx-Cu  (#19— AR)  TENSILE  TEST  ELONGATION  VERSUS  AGING  TIME 


-  1  2 '» 


'  U ■  !•■ ! !  4  -  4  f . .  vrv,  1 '! 


( •  I  -inn'M'/V)  rti  mi  t  I  h 

t  i  >  ii  i  .  i  i  n  lx  min  lit'.'  :  - 1  tit 


PFZ  on  some  arain 


lM 


FIGURE  4-4  9.  THM  OF  A]  -Li  -Mn  (#2r>--AR)  SHEET 
Aued  40  0°F/64  hours. 

Typical  of  matrix  showinu  MnAl()  insolubles. 

22 , OOOX  . 


FIGURE  4-51.  TEM  OF  Al-lo-Mn  ( dis¬ 
solution  heat  treated  10S0°F/1  hou> 
4  00°  F/6  4  hours. 

PFZ  around  MnAlr.  insolubles. 


w*mrmam 


FiouRf:  4 - r> s .  ti-:m  or  A!-i.i-cu  {*1  o — ar)  phi: ft 

A<k'(1  175"F/1  G  hours  (pouk  luinliu'ss)  . 


2  2 , 000X 


- 1 

In 


FIGURE  4-56.  TEM  OF  Al-Li-Cu  (#19 — AR)  SHEET 

Aged  37 5°F/4 5  hours  (overaged)  . 

Note  precipitate  nucleation  at  subgrain 
boundaries.  22,OOOX. 
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FIGURE  4-57.  TEM  OF  Al-Li-Cu  (#19--AR)  SHEET 
Aged  375°F/45  hours  (overaged)  typical.  22.000X 


FIGURE  4-58.  TEM  OF  Al-Li-Cu  (#19--AR)  SHEET 

Aged  375°F/45  hours  (overnqed) . 

Platelike  precipitates  and  heavy  subqrain 
boundary  precipitation.  4(>,000X. 


FIWRK  4-00.  TKM  OF  A 1  -Li  -C'u  ((M9--AR)  SHKKT 
i7r)"l-'/4li  hours  (ovi- rauod )  .  4L,000X. 
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FIGURE  4-6  1.  TKM  OF  Al-Ei-t’w  (  #  i ‘t- -A!-: )  f'llEET 


Aqod  Ir>0°F/4H0  hours  (ovi‘iu-:rii)  . 


,  who:  . 


TF.M  OF  Al-Li-Cu  (  #  1  ct  -  -  AR  >  FMFi'.T 
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SECTION  5 
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CONCLUSIONS  AND  RECOMMENDATIONS 
Process  Development 

Aluminum- lithium  sheet  of  lithium  content  up  to  3,3%  can 
be  fabricated  using  the  casting  and  rolling  procedures  outlined. 
There  are  problems  with  hydrogen,  porosity,  and  inclusions. 

No  immediate  solution  to  the  hydrogen  and  porosity  problems 
has  been  found  in  the  high  lithium  alloys. 

Alloy  Development 

The  Al-Li-Zr,  Al-Li-Mg-Si,  and  Al-Li-Mn- (Fe )  alloys  studied 
do  not  offer  any  improved  fracture  properties  over  high  lithium 
alloys  in  other  studies. 

The  Al-Li-Cu  alloys  offer  better  fracture  properties  in 
that  elongation  is  8%-12%  and  Kahn  tear  test  results  are  some¬ 
what  improved.  However,  crack  propagation  energy  is  quite  low. 
There  is  evidence  that  fracture  is  associated  with  failure  at 
subgrain  boundaries.  It  has  been  shown  that  such  boundaries 
exhibit  significant  grain  boundary  precipitation  and  the  growth 
of  a  precipitate- free  zone  with  extended  aging. 

On  a  microscale  the  fracture  surfaces  of  each  alloy  showed 
dimples,  which  are  normally  associated  with  ductile  fracture. 

The  reason  for  such  pronounced  dimples  in  relatively  brittle 
material  has  not  been  completely  defined.  The  dimples  become 
more  prominent  and  well-defined  with  increased  aging.  In  the 
Al-Li-Cu  alloy  the  dimple  size  corresponds  approximately  to  sub¬ 
grain  size,  indicating  that  fracture  may  be  associated  with  sub¬ 
grain  boundary  failure.  Dimples  in  such  a  case  may  be  present 
due  to  a  relatively  ductile  precipitate-free  zone  (PFZ),  which 
forms  on  grain  and  subgrain  boundaries.  Such  PFZ's  grow  with 
aging,  possibly  explaining  the  increased  prominence  of  dimples 
in  the  overaged  samples.  A  major  consideration,  though,  should 
be  given  to  the  role  of  hydrogen  in  these  alloys.  The  high 
hydrogen  levels  found  in  lithium-containing  alloys  may  be  a 
controlling  factor  in  microvoid  coalescence  and  early  grain 
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boundary  failure.  The  dimples  may  result  from  some  combination 
of  the  above  factors.  Further  study  is  needed  to  answer  these 
questions . 

The  precipitation  mechanism  in  the  Al-Li-Cu  alloy  appears 
to  follow  the  sequence  observed  by  workers  with  alloys  of  lower 
lithium  content,  i.e.  the  independent  precipitation  sequences 
of  the  Al-Cu  and  Al-Li  systems. 

Solid  solution  -*  GP  -•  0"  -  0'  ,  and 
solid  solution  -•  6'  . 

However,  TEM  of  the  current  alloy  indicates  that  there  is  copious 

precipitation  of  the  ternary  hexagonal  phase,  T.. ,  as  described 

r  30  1  1 

by  Silcoc';  in  the  overaged  tempers.  T^  may  form  from  the 

solid  solution  or  from  a  transformation  of  0'  after  diffusion 

of  lithium  into  the  0'  takes  place. 

Though  fracture  toughness  properties  are  not  good,  there 
are  methods  which  may  be  useful  to  improve  the  behavior  in 
some  of  the  alloy  systems.  In  the  Al-Li-Cu  system  manipulation 
of  the  aging  program,  thermomechanical  treatment  (TMT) ,  or 
addition  of  an  alloying  element  to  form  a  nucleating  phase 
may  be  useful  in  stimulating  the  precipitation  of  6"  while 
inhibiting  the  ripening  of  6'.  In  this  way  high  strength, 
due  to  the  0",  could  be  realized,  while  the  planar  slip  and  brittle 
fracture,  due  to  0'  ripening,  could  be  reduced. 

In  two  systems,  Al-Li-Mn- (Fe)  and  Al-Li-Sc,  the  use  of 
rapid  solidification  methods  such  as  powder  metallurgy  may 
prove  useful.  In  the  dispersoid  system,  Al-Li-Mn- (Fe ) ,  a 
rapid  solidification  may  provide  a  dispersion  of  (Mn,Fe)Al6 
of  a  fine  enough  scale  to  require  cross-slip  for  dislocation 
movement.  This  would  alleviate  the  embrittling  planar  slip 
problem  while  providing  an  additional  strengthening  mechanism. 

The  application  of  rapid  solidification  to  the  Al-Li-Sc 
system  may  provide  an  interesting  modification  to  the  Al-Li 
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precipitation  system.  The  Al^Sc  precipitate  is  isomorphous 
with  6'.  A  substitution  of  scandium  for  lithium  in  L '  may  siq- 
nificantly  affect  the  precipitate  lattice  parameter  or  matrix- 
precipitate  interfacial  energy.  The  equilibrium  solubility  of 
scandium  in  aluminum  is  so  low,  however,  that  at  normal  aging 
temperatures  virtually  no  precipitation  involving  scandium  takes 
place  when  using  conventional  ingot  metallurgy. 

A  comparison  of  the  alloys  shows  that  zirconium  affords 
very  good  recrystallization  inhibition,  even  with  relatively 
high  SHT  temperatures,  while  such  an  effect  due  to  manganese/ 
iron  was  not  seen.  It  should  be  noted,  though,  that  no  improve¬ 
ment  in  mechanical  properties  in  the  unrecrystallized  material 
over  the  recrystallized  material  was  observed.  However,  if  an 
unrecrystallized  microstructure  is  sought,  it  is  probably 
desirable  to  use  zirconium,  even  in  high  manganese/iron  alloys. 

Recommendations  for  Future  Work 

Casting  and  Fabrication 

1.  Insulated  sidewalls  of  bookmold  or  DC  casting.  A 
directional  solidification  may  drive  porosity  to  the  top 
rather  than  the  center  of  the  ingot. 

2.  Investigation  of  the  effect  of  time  and  temperature  during 
intermediate  anneal.  A  lower  temperature  or  shorter  anneal 
time  before  cold  rolling  may  solve  the  edge  cracking  prob¬ 
lem,  yet  allow  an  unrecrystallized  microstructure  to  be 
retained  in  the  final  sheet  product. 

Alloy  Development 

1.  Application  of  rapid  solidification  technology  to  the 
A1 -Li -Mn- ( Fe)  system.  The  casting  of  these  alloys  in 
bookmold  form  resulted  in  large  insoluble  particles  of 
(Mn,Fe)Al, .  A  rapid  solidification  rate  process,  such  as 
in  powder  metallurgy,  may  provide  a  high  volume  fraction 
of  fine  dispersoid.  Such  a  dispersion  might  encourage 
cross-slip  and  decrease  planar  slip  in  the  alloy. 
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2.  Application  of  rapid  solidification  technology  to  the 
Al-Li-Sc  and  other  systems.  Scandium  forms  AlaSc,  which 
is  isomorphous  with  6'  (AlaLi).  In  conventional  ingot 
metallurgy  scandium  has  virtually  no  solubility  in  aluminum. 
Using  rapid  solidification  rate  methods,  the  solubility  of 
scandium  in  aluminum  can  be  increased.  It  may  be  possible 
to  precipitate,  or  form  by  diffusion,  a  t'  with  at  least 
some  scandium,  or  Ala(Li,Sc).  This  would  change  the  c' 
lattice  parameter  and  tfAl-o'  interfacial  energy,  possibly 
decreasing  the  planar  slip  encouraged  by  the  small  lattice 
misfit  and  interfacial  energy  in  the  Al-Li  system. 

This  technique  may  be  useful  in  other  aluminum  alloy 
systems.  A  high  zirconium  alloy  is  such  a  possibility 
since  an  ordered  coherent  face-centered  cubic  Al3Zr  pre¬ 
cipitate  is  formed  in  the  Al-Zr  system  with  a  lattice 
parameter  close  to  that  of  the  aluminum  matrix. 

3.  Modification  of  precipitation  sequence  in  the  Al-Li-Cu 
system.  The  concept  involved  is  to  encourage  strengthening 
by  u"  while  slowing  the  ripening  of  6' .  In  this  way  t' , 
which  controls  fracture  behavior  in  the  system,  may  be  re¬ 
tained  fine  enough  so  that  ductility  is  not  too  severely 
reduced.  In  this  way  the  benefits  of  lowered  density  and 
increased  modulus  may  be  obtained  while  the  severe  planar 
slip  is  minimized.  Possible  methods  to  accomplish  this 
precipitation  modification  include  thermomechanical  treat¬ 
ment  (TMT) ,  an  appropriate  aging  program,  or  modification 
with  other  alloying  elements. 
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